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Interaction between surface water and groundwater is an important component of the 
water cycle that affects the physicochemical and biological characteristics of lakes, 
streams, wetlands, and seacoasts.  Due to the complex interaction of geologic, 
topographic, and hydrologic factors, flow between lakes and groundwater remains poorly 
understood.  Evolution of conceptual models over the past 30 years describes processes 
of advection, dispersion, and free convection that occur in different lake flow regimes.  
Few detailed field studies document the validity of these conceptual models because of 
the difficulty of studying the subsurface and the prohibitive cost of instrumenting large 
areas. In the semi-arid Western Nebraska Sand Hills, the largest dune field in the Western 
Hemisphere, more than 1,600 permanent shallow groundwater-fed endorheic lakes have 
salinity ranging from 0.3 to over 100 g/L.  Shallow plumes from saline lakes discharging 
into the relatively homogenous and fresh groundwater aquifer serve as a unique and 
excellent example for studying lake-aquifer interactions.  This study investigates the 
processes contributing to spatial and temporal variability of lake salinity in the Sand 
Hills.  Methods in this study combine the use of terrain analysis, electromagnetic and 
resistivity imaging geophysics,  hydraulic testing, lakebed dating using 14C  and  optically 
 iii
stimulated luminescence, hydro-chemical analysis, and salt crust and dust collection.  An 
analysis of surface and sub-surface topography of the Western Nebraska Sand Hills 
illustrates how the pre-existing topography of the top of the Ogallala Group, together 
with dune blockage events, resulted in the formation of hundreds of lakes with highest 
carbonate saline waters in North America.  A detailed field study shows the complex 
interaction of discharge and flow-through regimes, overland flow, and free convection 
and how they affect the lake salt balance.  Finally, the concept of groundwater-land surface-
atmosphere "salt conveyor", where evaporative concentration of fresh groundwater allows saline 
lakes to precipitate salt crusts along their shore and emit dusts is also introduced as an important 
mechanism that plays an important, albeit often unappreciated, role in the salt balance. 
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CHAPTER 1 
INTRODUCTON 
Endorheic saline lakes are common in semi-arid environments around the world; 
yet, their interaction with groundwater is still poorly understood.  Recharged by 
groundwater, these lakes are sensitive to changes in climate.  Understanding the 
interconnections between surface water and groundwater, which affect not only lakes but 
also streams, wetlands, and seacoasts [Winter, 1999], is important as societal concerns 
and transboundary disputes on water availability and quality increase [Bennett, 2000; 
Jarvis et al., 2005; Kliot et al., 2001]. 
The Nebraska Sand Hills (54,000 km2) is the largest stabilized dune field in the 
Western Hemisphere.  Although situated in a semi-arid environment where annual 
potential evapotranspiration (~155 cm) exceeds precipitation (~43-58 cm) [Wilhite and 
Hubbard, 1998], a significant fraction of precipitation (~5-7 cm) [Rahn and Paul, 1975] 
drains through the highly permeable dune sands and recharges the High Plains Aquifer.  
As part of the High Plains Aquifer that extends from South Dakota to Texas, the Sand 
Hills is an important recharge area, providing abundant groundwater to a surrounding 
area that is heavily utilized for irrigation.  Fluctuations in groundwater recharge in the 
Sand Hills are sensitive to changes in climate and the regional water balance [Forman et 
al., 1992].  Important to this water balance are 1,500 to 2,500 groundwater-fed lakes that 
support a diverse wetland ecosystem [Rundquist, 1983].  These lakes have total dissolved 
solids (TDS) ranging from 0.3 g/L (freshwater) to hypersaline values >100 g/L [Gosselin, 
2 
 
 
 
1997; McCarraher, 1977], while TDS of the groundwater ranges 0.13–1.7 g/L [Zlotnik et 
al., 2007].  What are the factors and processes controlling the salinization of lakes in the 
Sand Hills?  How do these lakes interact with the groundwater?  How would changing 
climate affect these lakes?   
The objectives of this study are: 1)  investigate the geologic and geomorphic 
conditions that control distribution of saline lakes in the Western Sand Hills; 2) determine 
the configuration of saline plumes emanating from saline lakes in the Western Sand Hills; 
3) assess the validity of advective-based lake flow regime models; 4) determine the flow 
regimes of saline and freshwater lakes in the Western Sand Hills; and 5) investigate the 
importance of eolian transport of salt dust from lake margins to a lake’s salt budget.   
The dissertation begins by presenting a regional overview on the distribution of 
saline lakes in the Sand Hills in Chapter 2.  Hydrodynamic models were used to guide in 
exploring the geological origins of the spatial variability of lake salinity.  New core data 
were obtained from Alkali Lake to determine its stratigraphic history.  The core showed 
thinner lake deposits compared to freshwater lakes, suggesting periods when the lake 
dried up and sediments were deflated, possibly many times.   
 Chapters 3 and 4 are field methods illustrated with results obtained from the Sand 
Hills.  Chapter 3 indicates the direction of vertical lake fluxes in Alkali Lake using a 
potentiomanometer designed by Winter et al. (1988).  In addition, the potentiomanometer 
was used for measuring small-scale hydraulic conductivity in a lake bed by incorporating 
the constant-head hydraulic test method of Cardenas and Zlotnik (2003).  Chapter 4 
3 
 
 
 
describes a geophysical method that characterizes subsurface plumes as indicators of lake 
solute balance.  The method is a combined use of frequency-domain electromagnetic 
(FDEM) and electrical resistivity imaging to determine the configuration of saline plumes 
emanating from saline lakes.   The FDEM survey served as a rapid method for mapping 
EM ground conductivities to guide the more labor-intensive ER surveys.   
 Chapter 5 is the main hydrogeologic section and integrates four years of data 
aimed at a better understanding of lakes-aquifer interactions.  The chapter integrates data 
obtained from terrain analysis, electromagnetic and resistivity imaging geophysics, 
hydraulic testing, and hydro-chemical analysis to understand the different flow regimes 
occurring in the field site and how they interact together.  The same methods presented in 
chapters 3 and 4 are utilized and additional data are presented.  Lake flow regimes and 
mechanisms of lake salinization are explored and an assessment is made of available 
hydrodynamic flow regimes models.  Chapter 3 and 4 have been published in Ong and 
Zlotnik [2010] and Ong et al. [2010] , respectively.   
 A lake’s salt budget is not solely controlled by the hydrology of the lake. 
Continuing the investigation of the role of eolian deflation of lakes during dry periods 
suggested in chapter 2, the importance of episodic deflation of salt dust is explored as a 
separate paper.  The concept of groundwater-land surface-atmosphere "salt conveyor" is 
examined.  As fresh groundwater enters a lake in a semi-arid environment, lake salinity 
increases through evaporative concentration.  Increased lake evaporative concentration 
allows a salt crust to precipitate regularly along the lake shore.  Given the right 
environmental conditions, salts may be deflated from the lakes.   In many area of the 
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world, dust emissions from saline lakes are now a matter of extensive research, because 
of the health risk posed by these particulates and effects on climate patterns [Gill, 1996; 
Liu et al., 2010].    
The paper on eolian transport of salt dust is beyond the scope of this dissertation.  
Because of its importance and my direct involvement in this research, the paper is 
presented in Appendix 1.  Other parts of the research were not incorporated in the 
dissertation but will eventually be submitted for peer-review publications.  These include 
a published paper on the hydrodynamics of lake flow regimes  [Zlotnik et al., 2009] and 
unpublished materials on lake energy and solute balance that have only been partially 
presented [Ong et al., 2009].   
 Chapter 6 draws some conclusions and recommendations for future 
investigations.    Finally, the dissertation ends with a detailed appendix of data gathered 
and processed from 2007 to 2010, which may serve as a reference for future studies.   
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Abstract  
The semi-arid Nebraska Sand Hills contains more than 1,600 permanent shallow 
groundwater-fed endorheic lakes, with salinity ranging from 0.3 to over 100 g/L and the 
highest carbonate concentration in North America.   Although evaporative concentration 
of local groundwater is understood as the source of lake salinity, what factors contribute 
to their spatial variability?  This study explores the geological origins of spatial 
variability of lake salinity.   
Guided by an understanding of hydrodynamic theory of groundwater-fed lakes, a 
low regional head gradient is hypothesized to result in weak outseepage and increases the 
salinity of lakes by trapping the inseepage solutes.  Geologic control on the low-sloping 
water table was explored by analyzing surface and subsurface topography.  A distinctive 
topographic feature (4,000 km2) buried beneath the sand dunes and the thin veneer of late 
Pleistocene fluvial sand in the Western Nebraska Sand Hills, herein called the Sand Hills 
Tableland, was found to have developed on top of the Ogallala Group sediments and 
coincides with the distribution of alkaline lakes.  The Sand Hills Tableland is likely a 
factor to have greatly influenced the location and history of lakes in the Western Sand 
Hills. 
Eolian transport of sand and salt dust is another important mechanism 
contributing to variability in lake salinity.  Lakes emerged at different times after various 
sequences of alternating arid and pluvial episodes.  New core data obtained from the 
saline Alkali Lake were supplemented with available core and 14C data to reconstruct the 
evolution of one of the most saline lakes in the Sand Hills.  Radiometric and optical age 
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dating and diatom analysis show that the core from Alkali Lake only had a maximum of 
2.5 m of lake sediments during its 14,000 years of formation, while cores from 
neighboring freshwater lakes had up to 13 m of peat and lake mud.  Evolution of Alkali 
Lake suggests periods when the lake dried out and its sediments were deflated.  
Superposition of spatial and temporal factors controlling lake salinity increases the 
variability of salinity of shallow endorheic lakes. 
1.  Introduction  
Saline endorheic lakes are sensitive to climatic change as their size and salinity 
are closely affected by subtle alterations in their energy and hydrologic budgets.  
Topographic and geomorphic setting influences the energy and hydrologic balances of 
lakes, and regional variability in these parameters can produce spatial heterogeneity in 
the physical and chemical structure of lakes.  In the Nebraska Sand Hills, for example, 
freshwater lakes are found in the low elevations where the strong regional groundwater 
flow is a major component of lacustrine water and ionic budgets [Bennett et al., 2007; 
Zlotnik et al., 2009].  In contrast, the surface water balance (P-E) is accentuated in lakes 
where groundwater flow is weak.  The importance of landscape position on lacustrine 
structure and function also has been demonstrated in other regions [Nield et al., 1994; 
Webster et al., 2000; Donovan et al., 2002; Smith and Townley, 2002] where groundwater 
inflow and/or outflow is substantial. 
Despite emerging recognition of the importance of hydrogeomorphic setting in 
affecting the physio-chemical properties of lakes, relatively few areas have been 
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investigated in detail.  Even fewer studies have assessed the potential role of landscape 
change in altering energy, water, and ion balance in affecting the evolution of lakes 
through time.   Here, lakes in the Nebraska Sand Hills of the U.S. are used as a case study 
to investigate these relationships in the contemporary landscape and during the Holocene.  
We specifically investigate how geomorphic conditions led to the flattening of the 
regional head gradient and how the numerous saline lakes in the western portion of the 
Sand Hills evolved as climate transitioned from dry to pluvial conditions.  The objectives 
of this paper are to:  1) elucidate the geologic and geomorphic framework of lakes in the 
western portion of the Nebraska Sand Hills using spatial analysis of hydrologic and 
lithologic data to document hydrogeomorphic setting; and 2) to demonstrate the temporal 
evolution of lakes during pluvial conditions using radiometric and optical dating 
techniques and diatom analysis of a sediment core from a single site. 
1.1.  Background:  present understanding of climate, geomorphology and 
hydrology of the Sand Hills 
The Nebraska Sand Hills (54,000 km2), the largest sea sand in the Western 
Hemisphere, is located in a semi-arid region where the annual precipitation ranges from 
43 to 58 cm and potential evapotranspiration reaches 155 cm in irrigated areas [Wilhite 
and Hubbard, 1998; Irmak and Irmak, 2008].  The region contains more than 1600 
permanent shallow lakes and ponds [Buckwalter, 1983], totaling some 450 km2 in area 
[Rundquist, 1983], with considerable variability in chemistry.  The total dissolved solids 
(TDS) of these lakes typically increases from east to west, decreases from higher to lower 
elevations [Bennett et al., 2007], and ranges from 0.3 g/L to over 100 g/L [McCarraher, 
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1977; LaBaugh, 1986; Gosselin et al., 1994] (Figure 1).  Lakes in the western region of 
the Sand Hills (3,800 km2) are carbonate dominated and highly saline [McCarraher, 
1977; Hammer, 1986].   
 
Figure 1.  Distribution of alkaline lakes in the Nebraska Sand Hills.   Alkalinity data 
from McCarraher [1977], where moderate to strong alkaline lakes are chemically 
buffered with only slight diurnal changes in pH and slight to medium alkaline lakes are 
less buffered and show large variation in diurnal pH.  Configuration of the spring 1995 
water table modified from University of Nebraska-Lincoln - Conservation Survey 
Division [2010]. 
Presently, organized stream drainage systems are absent in the western part of the 
dunefield, and lakes are absent or have drained in areas where the rivers have incised into 
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the Sand Hills.   Evidence of organized drainage systems existed in the late-Pleistocene. 
Some lakes in the westernmost part of the Sand Hills formed when sections of the 
drainage system were blocked by eolian sand during a region-wide episode of aridity 
ending about 13,000 years ago [Loope et al., 1995; Mason et al., 1997].   Similarly, Muhs 
et al. [2000] hypothesized that the Nebraska Sand Hills once migrated across the North 
and South Platte rivers in the late Pleistocene and dammed the largest tributary system to 
the Missouri River.  In the Holocene, multiple episodes of aridity and attendant eolian 
activity and dune migration have been documented, most notably from 9500-6500, 4000-
2400, and 1000-700 yrs BP [Mason et al., 2004; Nicholson and Swinehart, 2005; Miao et 
al., 2007], and some of these likely gave rise to lakes and wetlands.  For example, Loope 
and Swinehart [2000] suggested a late-Holocene age for a dune blockage event outside 
the Sand Hills and adjacent to the Nebraska and Wyoming state lines, where a large 
compound parabolic dune migrated across and filled the Sheep Creek Valley.  For dune 
blockage to occur, a regionally drier climate, at least for the Sand Hills and Platte River 
systems, is required to greatly reduce discharges in the rivers and allow eolian filling of 
valleys.   
 The absence of overland runoff due to the high infiltration capacity of the sands 
[Lawton, 1984] suggests that groundwater, derived from local precipitation, is the 
primary source of water and solutes to regional lakes.  This groundwater is subsequently 
modified by evaporative concentration [Gosselin et al., 1994].  While evaporation of a 
dilute groundwater source and ratio of groundwater inflow and outflow [Wood and 
Sanford, 1990; Gosselin et al., 1994; Gosselin et al., 1997] is clearly understood as the 
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general source of salinity, factors that contribute to the variability in lake salinity are less 
clear and have been attributed to differences in local flow systems [LaBaugh, 1986; 
Winter, 1986], blocking of flow through paleo-channels [Loope et al., 1995], and past 
climatic and hydrogeologic conditions [Gosselin et al., 1997].   
From a hydrogeologic standpoint, these factors can be represented in a unified 
framework using a lake water budget that compares both inseepage and outseepage fluxes 
[Nield et al., 1994; Wood and Sanford, 1995; Zlotnik et al., 2009; Zlotnik et al., 2010].  
When lake outseepage is smaller than its inseepage, evaporation increases solute 
concentration in the lake.  When lake outseepage is negligible, solute concentration 
increases linearly in time [Zlotnik et al., 2010] and is limited by mineral precipitation, 
eolian deflation of salts from lake margins, and variable density-induced solute losses.  
Lake flow regimes fall into three broad categories [Born et al., 1979]:  1) flow-through 
regime, where a water body receives ground water through a portion of its bottom surface 
and discharges surface water back to the aquifer over the remainder bottom surface; 2) 
recharge regimes, where a lake loses water to the aquifer over its entire bottom surface; 
and 3) discharge regimes, where a lake receives groundwater over its entire bottom 
surface. 
Studies of water balances fall into two categories:  1) recharge-driven budget, and 
2) water-table topography-driven budget.  Nield et al. [1994] and Townley and Trefry 
[2000] considered the water balance of a lake that is embedded in a confined aquifer.  
They "flattened" the water table topography into a 3D box-shaped catchment and 
assumed that recharge and groundwater velocity are known both upstream and 
15 
 
 
 
downstream of the box.  A strict set of 3 to 6 criteria allowed for classification of lake 
regimes.  [Zlotnik et al., 2009] took a different approach by considering the regional 
water table slope as the major driving force in flushing lake solutes.  The shape of this 
slope is a result of the integrated contribution of groundwater recharge and surface 
topography.  The gradient ratio, defined as the ratio of the regional-to-local head 
gradients, was used to compare the regional water table slope to the local upward head 
gradient in the lake vicinity.  A discharge lake regime occurs when the local head 
gradient dominates over the regional head gradient, while a flow-through condition exists 
when the regional head gradient dominates the local head gradient (Figure 2).  The 
approach of Townley and Trefry [2000] provides a more detailed description of flow 
structure near the lakes, but the assumptions and demand for data are rarely met.  The 
approach of [Zlotnik et al., 2009] emphasizes the interaction of regional water table and 
local flow system, providing a general assessment of lake-aquifer interactions with less 
data requirements at some expense of fidelity.  
In general, these studies indicate that among the various factors controlling lake 
salinity, a low water table slope is a leading indicator for the potential of a lake to become 
a solute trap.  From this hydrogeologic and theoretical standpoint, the clustering of high 
alkaline lakes in the Western Sand Hills must exist due to the flat regional water table.  
We hypothesize that this condition occurs due to a combination of geologic, geomorphic, 
and climatic conditions.  We investigate the geologic and geomorphic conditions that led 
to the flattening of the regional head gradient and explore how the saline lakes in Western 
Sand Hills evolved as climate transitioned from dry to pluvial conditions. 
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Figure 2.  Lakes in flow-through (a) and discharging (b) regimes.  Qin is the inflow rate 
of fresh groundwater with concentration Cin, and Qout is the outflow rate with elevated 
lake concentration Cout= Clake.  Figure modified from Townley and Trefry [2000]. 
 
2.  Methodology 
Geologic and hydrologic spatial data sets were analyzed to determine their 
possible relationships with the distribution of lake salinity in the Western Sand Hills.  
The configurations of the Sand Hills and the regional water table were compared with the 
interdune topography and underlying lithologic unit. Several data sets within 
approximately 42° 30’ 15.6” N, 103° 4’ 45.2” W to 41° 27’ 34.5” N, 101° 33’ 56.6” W 
were obtained to perform the spatial analysis using ArcGIS 9.3: 
1)  Topography of the Sand Hills is represented by a 30-m resolution digital 
elevation model (DEM) from the Shuttle Radar Topography Mission (SRTM) [USGS, 
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2004].  The DEM was re-sampled from 30 m to 2 km to filter out local features and retain 
the general configuration of the dune fields at a scale that is comparable to lake size.   
2)  The units of water table map was modified to meters above sea level from the 
configuration of the regional water table compiled from spring 1995 water-level data by 
the Nebraska Department of Natural Resources [2010]. 
3)  Interdune topography, which  reflects the surface of the interdunes with the 
dunes removed, was constructed by re-sampling the 30-m SRTM DEM to 100 m, 
filtering out the grids that were greater than 0.001 slope, and interpolating using ordinary 
kriging method.   
4)  Configuration of the top of the Ogallala Group, the lithology underlying the 
dune sands in the Western Sand Hills, was generated using data from University of 
Nebraska-Lincoln - Conservation and Survey Division [2010] test-holes database and 
logs from registered irrigation wells [Nebraska Department of Natural Resources, 2010] 
5)  Alkalinity data of lake chemistry were obtained from McCarraher [1977], 
Gosselin et al. [1994], Gosselin [1997], Shinneman et al. [2010], Fritz [2010], and 
Raanan-Kiperwas [2010]. 
Terrain and drainage analyses using TauDEM 4.0 [Tarboton, 2009] were 
performed on the DEMs of the Sand Hills, water table, interdune, and top of the Ogallala 
topography.  The program calculated the flow paths and delineated the stream networks 
by extracting hydrologic information from a given surface, represented by a DEM.   
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New lake core data were supplemented by previous core and 14C data [Loope et 
al., 1995; Mason et al., 1997; Miao et al., 2007] for paleo-reconstruction of lake 
evolution.  Alkali Lake was cored through ice in February 2008 using a vibracore system 
modified after Smith [1987].  Three 9.8 cm diameter cores were obtained. All diatom and 
radiocarbon analyses were carried out on Core ALK03 because it was the only core that 
yielded a diatom record (see Results).  The core was separated into visually 
distinguishable lithologic units based on grain size and color.  The site of Core ALK02 
was cored twice; the first core was opened in the field to identify sand layers that could 
be used for optical dating. Then a second core was taken 1 m from the first and cut open 
under safe light conditions in the OSL laboratory.   The chronology of Core ALK03 was 
constrained by four 14C accelerator mass spectrometer (AMS) dates that were analyzed at 
the National Ocean Sciences Accelerator Mass Spectrometry Facility (NOSAMS) and 
were not corrected. The conversion to calendar years from radiocarbon years was 
accomplished using CALIB 4.2 [Stuiver and Reimer, 1998].  A Malvern Mastersizer 
2000E was used to determine the sand, silt and clay percentages in selected core samples.  
Samples were first treated with 10% HCl to remove carbonates and then given a one 
minute ultrasonic bath in Na hexametaphosphate. 
Optically stimulated luminescence (OSL) dating using the single aliquot 
regenerative (SAR) protocol [Murray and Wintle, 2000] was used in this study to date 
sand lenses within the cores, following the protocol of Miao et al. [2007]. The vibracores 
were opened in the laboratory under dim amber light and wet sieved to separate the 90-
125 µm grains. Total error estimates incorporate assumed errors of ± 10% in chemical 
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analysis, with an assumed in situ water content of 25%.   
Samples for diatom analysis were taken in 4 cm intervals and prepared according 
to standard techniques [Battarbee, 1986]. When possible, at least 300 diatom valves from 
each interval were counted in transects under oil immersion on a Zeiss Axioscop 2 plus 
microscope with a 100 x objective.  Primary taxonomic references used for all lakes were 
Patrick and Reimer [1966; 1975] and Krammer and Lange-Bertalot [1986;1988; 1991a, 
1991b].  Three samples of gastropods were taken for radiometric dating. 
3.  Results 
3.1.  GIS Analysis 
The configuration of the dune topography, water table, interdune surface, and top 
of the Ogallala (Figure 3 a-d) consistently show a flat area in southern Sheridan and 
northern Garden counties.   This gently sloping (0.0001-0.0005) feature, covering about 
4,000 km2, lies within the sand dunes and is herein called the Sand Hills Tableland 
(Figure 3c).   Beneath the feature lies a thin (< 1-25 m thick) layer of Quaternary and/or 
Pliocene alluvial sand and silt.   This sequence is underlain by the Miocene Ogallala 
Group, which consists mainly of fine to medium sand with local carbonate cement 
[Swinehart and Diffendal Jr, 1998].    
Drainage analysis of the dune topography, water table, interdune surface, and top 
of the Ogalalla consistently show north- and south-drainages in southern Sheridan and 
northern Garden counties.  Using the DEM derived from the interdune surface, a drainage 
divide separates the north and south subsurface drainages (Figure 4).  Snake Creek, 
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which terminates on the western edge of the Sand Hills in Box Butte County, drains 
northward towards the Niobrara River in Sheridan County.  The paleo-drainage area of 
Blue Creek is smaller than the area depicted by Mason et al. (1997), where Snake Creek 
was hypothesized to drain into Blue Creek.  The distribution of lake alkalinity relative to 
the resulting drainage network shows that moderate to high alkalinity lakes concentrate 
along the higher and flatter elevations, while low alkalinity lakes are found at lower 
elevations and along the main drainage trunk.   
Lakes with higher alkalinity are found in the area of gently sloping topography, a 
gradient of 0.0005, on the top of the Ogallala Group (Figure 5) and are located within two 
catchments that drain to the north of Sheridan County and south of Garden County 
(Figure 4).  The gentle slopes on top of the Ogallala Group on cross sections AA' and BB' 
have slopes that go against the direction of the regional water table.  Slopes of water table 
on the eastern half of the Sand Hills Tableland also are directed westward, following the 
base of the interdune valleys.  Lakes with low alkalinity are found east and southeast of 
Sheridan and Garden counties, where gradients are greater than 0.006 and along the areas 
that drain into Cherry and Grant Counties.  The water table in transects AA’ and BB’ 
closely follows the interdune surface.  The transects illustrate the flatness of both the 
water table and the top of the Ogallala Group in the southern Sheridan and northern 
Garden counties.    
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Figure 3.   a) Generalized topography of the Sand Hills and adjacent area.  b) 1995 
Regional water table [Nebraska Department of Natural Resources, 2010].  c)  Generalized 
topography of the interdune valleys with the Sand Hills Tableland shown in hachure.  d) 
Configuration of the top of the Ogallala Group from test holes (UNL– CSD, 2010) and 
irrigation well records (Nebraska Department of Natural Resources, 2010).  Contour 
intervals are 25 m.   
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Figure 4.   Distribution of lake alkalinity on drainage network derived from interdune 
elevation using the TauDEM 4.0 program of Tarboton [2009].   
 
 
 
 
 
23 
 
 
 
 
Figure 5.  Configuration of the top of the Ogallala Group, lake alkalinity, and drainages 
in the Western Nebraska Sand Hills.  Construction of the top of the Ogallala Group was 
based on test holes [UNL– CSD, 2010] and irrigation well data [Nebraska Department of 
Natural Resources, 2010].   In cross-sections AA’ and BB’, sediments above the top of 
the Ogallala include Pliocene fluvial, Pleistocene fluvial, lacustrine, and dune sands, and 
Holocene dune sands. 
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 3.2.  Vibracore Data 
Alkali Lake, Garden County, Nebraska, (Figure 6) has one of the higher lake 
alkalinities in the Western Sand Hills.  The lake’s area and chemistry vary seasonally.  Its 
area is approximately 50 ha., depth ranges from 0.3 to 1 m, alkalinity varies from 46 to 
117g/L [McCarraher, 1977], and electrical conductivity from our field measurements 
ranges from 27 to 122 mS/cm.   Optical ages and radiocarbon dates (Tables 1 and 2) 
suggest that the lake basin originated in the Late-Pleistocene and extends into the 
Holocene. 
Core ALK01 was utilized only for optical age sampling.  Diatoms were not 
preserved in any of the lacustrine sediments from core ALK02.  The diatom stratigraphy 
of Alkali Lake from core ALK03 shows three intervals where diatoms are not preserved, 
labeled dissolution zones 1 to 3 from top to bottom of the core (Figure 7).   Two optical 
ages obtained from sand horizons 180 and 210 cm in dissolution zones 2 and 3, 
respectively, are both about 14 ka (Figure 6).  Diatoms first appeared at ~195 cm of the 
core and are dominated by benthic communities (averaging > 80%).  Subsequently, the 
diatom community shifts towards a more benthic-dominated flora before diatoms 
disappear from the core at about 104 cm (dissolution zone 1).  The base of this zone is 4 
cm above a radiocarbon age of about 11,400 cal year BP on gastropods.  The uppermost 
meter of the core is characterized by grayish to greenish carbonate mud with small 
gastropods and pelecypods occurring between 80 and 110 cm.  A radiocarbon date of 
9,300 cal year BP was obtained from gastropods at 80 cm.   
25 
 
 
 
Table 1  Optical ages from Alkali Lake vibracores 
Field 
Sample 
number 
UNL 
Sample 
number 
Depth 
(m) 
Saturated 
moisture 
content 
(%) 
K2O
(%) 
Th 
(ppm)
U 
(ppm)
Dtotal 
(Gya-1x103) 
De 
(Gy±1σ) 
Aliquots
(n) 
Age 
(ka±1σ) 
ALK03-1.80 2009 1.80 25 2.03 3.87 1.18 2.04 ± 0.09 26.7 ± 0.5 30 14.3 ± 0.9 
ALK03-2.10 2010 2.10 25 2.15 3.98 1.05 2.14 ± 0.09 26.6 ± 0.5 28 13.9 ± 0.9 
ALK02-2.73 2011 2.73 25 2.03 3.88 1.12 1.84 ± 0.09 26.1 ± 0.5 28 14.2 ± 0.9 
ALK01-2.05 2012 2.05 25 1.95 3.72 1.04 1.96 ± 0.08 27.0 ± 0.4 29 15.1 ± 0.9 
ALK01-2.6 2013 2.60 25 1.97 3.95 1.21 1.99 ± 0.08 26.2 ± 0.5 28 14.3 ± 0.9 
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Table 2   Radiocarbon ages from gastropods in Alkali Lake vibracore ALK03 
Field Sample 
number 
Laboratory 
numbera 
Depth 
(m) 
14C age       
(± 2σ) 
Calibrated age range 
(± 2σ) 
cal year BP b 
ALK03-0.8 OS-71391 0.8 8,260 ± 35 9,125 - 9,405 
ALK03-1.1 OS-71450 1.1 9,970 ± 30 11,266 - 11,605 
ALK03-1.3 OS-71392 1.3 10,450 ± 450 12,135 - 12,551 
 
a National Ocean Sciences Accelerator Mass Spectrometry Facility  
b CALIB 4.2 (Stuiver and Reimer 1998) 
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Figure 6.  Vibracores from Alkali Lake, Garden County, Nebraska, showing lithology, sand contents, and optical and calibrated 
radiocarbon ages.  
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Figure 7.  Diatom abundances from vibracore ALK03, Alkali Lake, Garden County, Nebraska.   Samples taken at 4 cm intervals. 
Benthic diatoms exceeding 2% in relative abundance are shown in detail to the right of the Total Benthics distribution.   
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4.  Discussion 
4.1.  Hydrology and geomorphology  
The shape of the water table often follows the surface topography and controls the 
drainage network for groundwater to discharge into topographic depressions.   As 
expected, the configuration of the water table follows the shape of the generalized dune 
topography (Figure 3).  Swinehart et al. [1985, p. 226] noted the flattening on the 
Ogallala surface in this area and attributed it to post-Ogallala uplift on the Chadron Arch.  
Except for the sand dunes dating back 18 ka [Mason et al., 2010], there is not a 
significant thickness of post-Ogallala sediments over the Sand Hills Tableland.  This 
suggests limited net fluvial deposition and/or eolian deflation during the past several 
million years in the area.  No other part of the landscape in Nebraska of equivalent area 
has such a low slope.  Were it not for the sand dunes, rising as much as 50 m above their 
interdune flats, this unique topographic feature would be more obvious (Figure 3c).   
Drainage derived from the water table DEM coincides with the gullies on the top 
surface of the Ogallala Group and is taken to represent the drainage within the Sand Hills 
Tableland (Figures 4 and 5).  The tableland drains to the north and south.  Contrary to 
Loope et al. [1995], who hypothesized that Snake Creek in Box Butte County connected 
and drained into Blue Creek, the drainage analysis shows that Snake Creek serves as a 
tributary of the northern drainage that flows into the Niobrara River.  A subsurface 
network drains to the south into Blue Creek.   An ensemble of moderate to highly 
alkaline lakes is located in the Sand Hills Tableland with low stream orders, while low 
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alkalinity lakes are found outside of the Sand Hills Tableland, where the slopes are 
steeper and along the higher-ordered streams (Figures 4 and 5).    The regional trend in 
variability of lake salinity is similar to phenomenon observed by Urbano et al. [2004] 
who investigated the interaction of water table, lakes, surface topography, and sub-
surface geology using a hydrogeologic model.   
We propose that the Sand Hills Tableland has greatly influenced the location and 
history of lakes in the western Sand Hills.   The occurrence of a remarkably low-gradient 
land surface, with its associated low gradient drainage, and a major field of sand dunes 
have come together to produce an ensemble of alkaline lakes.  Previous research [Loope 
et al., 1995; Mason et al., 1997] provided evidence for dune blockage of pre-existing 
drainages, which led to the creation of most of these lakes.  Dune blockage alone, 
however, does not provide a process to explain to explain why so many of the lakes are 
alkaline.  We suggest that lake alkalinity was affected both by sand supply via its 
influence on surface elevation, as well as climate influence on the water table elevation.  
A sufficient but not high supply of sand in the Sand Hills Tableland was necessary to 
cover and obscure the drainages.  A high supply of sand would have completely buried 
the channels and prevented the water table from reaching the interdune depressions.  
Relatively uniform eolian activity kept the dune highlands and interdunes at roughly their 
same elevations.  During pluvial conditions, the water table rose to the elevations of 
lowland drainages or interdunes, resulting in low horizontal head gradients.  According to 
Zlotnik et al. [2009], discharging lake regimes are favored in systems with low gradient 
ratios, i.e. ratios of horizontal head gradients to vertical head gradients.  Saline lakes then 
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form from evaporative concentration of fresh groundwater from these discharging lakes.  
Our finding clearly indicates the geologic and geomorphic conditions created the flat 
water table and prevented the lateral flushing of groundwater-fed lakes. 
It is important to note that the ensemble of saline lakes emerged after climate 
transitioned from arid to pluvial conditions.  Fresh groundwater inseepage in topographic 
depressions and its ensuing accumulation of salts in discharge lakes were initiated at 
different times in different lakes.  Zlotnik et al. [2010] showed that the time needed for 
lakes to reach current observed TDS values for present climatic conditions vary from 
several centuries to millennia, depending on the magnitude of various processes.  A 
narrower time constraint is difficult to achieve because of the lack of data.  Theoretically, 
salinity increases linearly with time, and present observed levels can be exceeded and 
ultimately limited by mineral precipitation, eolian deflation of salts, and episodic 
variable-density driven outseepage.  Today, it is uncertain if lake salinity is in 
equilibrium with climate.   Information on the paleo-history of Alkali Lake is needed to 
understand the salinity dynamics.  
 
4.2.  Sedimentology 
The diatom stratigraphy of Alkali Lake from core ALK03 shows three intervals 
where diatoms are not preserved. The uppermost Dissolution Zone 1, from 0 to 104 cm, 
is likely due to silica dissolution in highly alkaline/hypersaline waters (pH > 9), 
comparable to the present Alkali Lake pH of 9.9 - 10.8 [Ryves et al., 2001].  Sand 
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horizons in dissolution zones 2 and 3, with optical age of ca. 14 ka, indicate that Alkali 
Lake evolved close to this time (Figure 6).  The earlier hiatuses are probably a result of 
the high influx of sand, which was carried into the basin during drought episodes when 
the surrounding dunes were active.   A probable scenario is that increased evaporation 
rates and a decrease in precipitation led to a drop in local groundwater levels to the point 
where surface waters disappeared and the lake basin ran dry.   
The first appearance of benthic dominated diatoms at around 195 cm of the core 
indicates that the lake started out as a shallow system.  The species composition suggests 
a lake much fresher than today and thus comparatively low in salinity. This initial phase 
was followed by a drought interval of unknown duration (175-185 cm), although it was 
probably brief based on the thin lens of sand. Following the drought, after ca. 14 ka, the 
lake appears to have been a shallow system, although water level was slightly deeper than 
in the initial phase, as reflected in the increase of tychoplankton.   Within the uppermost 
part of the core where diatoms are preserved (170-105 cm), intervals with higher benthic 
abundance were likely shallower, with higher pH and alkalinity, than levels with a higher 
relative abundance of tychoplankton.  According to Hanley [1980], the tiny mollusks that 
occur between 80-110 cm (9,300-11,400 cal year BP) reflect a shallow, quiet, and 
vegetated, sub-permanent or temporary pond.  The presence of mollusks suggests the 
lowering of lake levels, which resulted in increased salinity and alkalinity of the lake 
water.  Diatom frustules in this zone and possibly other diatomaceous sediments at depth 
were not preserved as lake pH increased and diffused into the lake bed.   
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The upper one meter of sandy-clayey mud in Alkali Lake represents ca. 10 ka, but 
because of many probable episodes of eolian deflation when the lake was essentially a 
wet playa, the sediment record of the last 10,000 years is surely incomplete.  The absence 
of diatoms in core ALK02, approximately 220m to the east of ALK03 and closer to the 
center of the lake basin, suggests that sediments at the central part of the lake often 
remained wet as the lake contracted and expanded, and resulted in a more permanent 
exposure to alkaline waters in the deeper parts.  Unlike core ALK03, which is closer to 
the shore, any record of diatoms in ALK02 has been obliterated.   
 
4.3.  Lake evolution  
Eolian activity and dune migration, documented using OSL and 14C dating for the 
Nebraska Sand Hills (Fig. 7), most notably occurred from 9.5-6.5, 4-2.4, and 1-0.7 ka 
[Mason et al., 2004; Nicholson and Swinehart, 2005; Miao et al., 2007; Schmieder et al., 
In Review].  Optical ages and radiocarbon dates (Tables 1 and 2) from cores in Alkali 
Lake suggest that initial deposition of freshwater diatomaceous sediment began ca. 12.5 
ka, possibly following formation of the lake basin by eolian sand blockage of a shallow 
drainage (Figure 8).  Freshwater sediment deposition continued for about 1500 years, 
producing 1 m of sediment until the lake became sufficiently saline (pH>8) that diatoms 
were no longer preserved or able to live in the saline conditions. There is no record of 
freshwater diatomaceous sediment deposition in Alkali Lake after 11,000 cal year BP, 
although small gastropods are found in the muddy sediment until ca. 9,200 cal year BP. 
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Previous studies in freshwater Swan, Crescent, and Blue Lakes (Figure 8) found 
abundant diatoms and up to 13 m of peat and lake mud [Loope et al., 1995; Mason et al., 
1997].  Alkali Lake, on the other hand, has only a maximum of 2.5 m lake sediments 
during its 14,000 year record of sedimentation, suggesting that periods occurred when the 
lake dried out and its sediments were deflated.  The large variability in the paleo-history 
of these lakes indicates a suite of temporal processes controlling their sedimentation 
rates, water level dynamics, and ecology.  However, spatial factors, namely geological 
and hydrogeological, override these temporal processes and lead to consistent patterns of 
lake salinity. 
  5.  Conclusions 
Hydrodynamic models serve as a useful guide in finding the geologic and 
geomorphic features controlling water table slope, groundwater flow, and lake flow 
regimes.   They show that competition between flushing effects of sloping water table 
and local gradients determine whether a lake exhibits a flow-though or discharge regime.  
Generally, low water table gradients transform lakes into solute traps.  This concept was 
illustrated by investigating the geologic and geomorphic conditions in the Western Sand 
Hills, where an ensemble of saline lakes is located and resulted in the discovery of the 
Sand Hills Tableland.  This was possible through the newly assembled spatial database of 
lakes and wetlands, SRTM DEM, and the rich archive of drilling data.  
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Figure 8. a) Eolian activity in the central Great Plains generalized from Miao et al. 
[2007], Mason et al. [2010], and Schmieder  et al., [in review] based on optical ages from 
loess and dune sands.  Black bands represent intervals of rapid loess deposition and dune 
activity; gray bands represent mostly eolian sand deposition.  b) Summary of depositional 
history of Swan and Crescent Lake from Loope et al. [1995] and Mason et al. [1997]. 
Swan Lake has the oldest and most complete depositional record with 7 m of peat 
overlain by 10 m of lake mud or gyttja.  c) Composite sedimentary history from the three 
Alkali Lake vibracores. Note that the last 9,000 years consists of only 70 cm of sediment 
at Alkali Lake compared to over 14 m of mud and peat in the Swan Lake record.  
 
Based on terrain and drainage analysis, two stream networks draining the Sand 
Hills Tableland were found.  One drains to the north, through a tributary of the Niobrara 
River; and other, to the south, into Blue Creek.  High alkalinity and saline lakes in the 
Nebraska Sand Hills cluster in the Sand Hills Tableland, a region on top of the Ogallala 
Group with slopes 0.0001 to 0.0005 and where the water table also has the lowest slope 
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in the region.  Fresh lakes are found at the edge and outside of the Sand Hills Tableland, 
where the slopes on top of the Ogallala Group are steeper and along the higher order 
subsurface channels.  We conclude that the pre-existing topography on top of the 
Ogallala Group, in conjunction with dune blockage events, is a major control on the 
resulting flow regimes, the variability of lake salinity, and the clustering of alkaline lakes.   
 Our detailed study of highly saline Alkali Lake shows that temporal changes in 
salinity may differ between lakes. These changes may introduce additional variability of 
lake salinity patterns observed today.  Radiocarbon and optical dating and analysis of 
diatoms from cores in Alkali Lake indicate that the lake was formed ca. 12-13 ka.  
Salinization of these lakes takes from several hundreds years to millennium.   The lake 
remained fresh until ca. 11 ka.  A transition from dry to pluvial climate resulted in the 
rise of the water table and emergence of interdune lakes.  Compared to the nearby 
freshwater lakes, thin lake deposits were found in Alkali Lake, suggesting that periods 
occurred when the lake dried up and sediments were deflated, possibly many times.  
Therefore, eolian transport of salt may also be an importance mechanism that contributes 
to the variability of lake salinity.  However, spatial geological and hydrogeological 
factors override these temporal processes and lead to consistent patterns of clustering 
lakes with high salinity in the Sand Hills.  This approach can be applied in other parts of 
the world in guiding data collection and interpretation.  
 
 
37 
 
 
Acknowledgments 
This study was funded through the National Science Foundation grant ER-
0609982 and the Yatkola-Edwards research grant from the Nebraska Geological Society.  
The authors thank Harry and Jean Younkin for access to Alkali Lake in the Nebraska 
Sand Hills, Neil Mark Koepsel and Marlon French (Crescent Lake National Wildlife 
Refuge) for logistical support, Ron Goble and Becky Schmeisser  (Optically Stimulated 
Luminescence Laboratory, Univ. Nebraska-Lincoln) for optical dating of our samples, 
Hadas Raanan-Kiperwas, (Duke University) for the chemical analysis of lake waters, and 
Les Howard and Dee Ebbeka (School of Natural Resources, Univ. Nebraska-Lincoln) for 
cartographic and GIS assistance,. 
 
References 
Battarbee, R.W. (1986), Diatom analysis, in Handbook of Holocene Paleoecology and 
Paleohydrology, edited by B. Berglund, pp. 527-570, Wiley. 
Bennett, D.M., S.C. Fritz, J.C. Holz, A.A. Holz, and V.A. Zlotnik (2007), Evaluating 
climatic and non-climatic influences on ion chemistry in natural and man-made 
lakes of Nebraska, USA, Hydrobiologia, 591(1), 103-115. 
Born, S.M., S.A. Smith, and D.A. Stephenson (1979), Hydrogeology of glacial-terrain 
lakes, with management and planning applications, Journal of Hydrology, 43(1-
4), 7-43. 
Buckwalter, D.W. (1983), Monitoring Nebraska’s Sandhills Lakes Rep. 10, University of 
Nebraska-Lincoln, Lincoln. 
38 
 
 
Donovan, J.J., A.J. Smith, V.A. Panek, D.R. Engstrom, and E. Ito (2002), Climate-driven 
hydrologic transients in lake sediment records: calibration of groundwater 
conditions using 20th Century drought, Quaternary Science Reviews, 21(4-6), 
605-624. 
Fritz, S. (2010), unpublished data. 
Gosselin, D.C., S. Sibray, and J. Ayers (1994), Geochemistry of K-rich alkaline lakes, 
Western Sandhills, Nebraska, USA, Geochimica et Cosmocimica Acta, 58(5), 
1403-1418. 
Gosselin, D.C., S. Sibray, and J. Ayers (1994), Geochemistry of K-rich alkaline lakes, 
Western Sandhills, Nebraska, USA, Geochimica et Cosmochimica Acta, 58(5), 
1403-1418. 
Gosselin, D.C., P.E. Nabelek, Z.E. Peterman, and S. Sibray (1997), A reconnaissance 
study of oxygen, hydrogen, and strontium isotopes in geochemically diverse 
lakes, Western Nebraska, USA, Journal of Paleolimnology, 17, 51-65. 
Hammer, U.T. (1986), Saline lake ecosystems of the world, DR W. Junk Publishers, 
Dordrecht. 
Hanley, J.H. (1980), Paleoecology of Nonmarine Mollusca from some Paleo-interdune 
Deposits in the Nebraska Sand Hills, Geological Magazine, 117, 639-644. 
Irmak, A., and S. Irmak (2008), Reference and Crop Evapotranspiration in South Central 
Nebraska. II: Measurement and Estimation of Actual Evapotranspiration for Corn, 
Journal of Irrigation and Drainage Engineering, 134(6), 700-715. 
39 
 
 
Krammer, K., and H. Lange-Bertalot (1986;1988; 1991a, 1991b ), Bacillariophyceae, in 
Süsswasserflora von Mitteleuropa, Band 2 (1-4). , edited by H. Ettl, Gerloff, J., 
Heynig, H. and Mollenhauer, D., Gustav Fischer Verlag: Stuttgart/Jena. 
LaBaugh, J.W. (1986), Limnological characteristics of selected lakes in the Nebraska 
sandhills, U.S.A., and their relation to chemical characteristics of adjacent ground 
water, Journal of Hydrology, 86(3-4), 279-298  
Lawton, D.R. (1984), Physical charactersitics of the Sandhills:  groundwater 
hydrogeology and stream hydrology, in The Sandhills of Nebraska-yesterday, 
today and tomorrow, edited by N. W. R. Center. 
Loope, D.B., and J.B. Swinehart (2000), Thinking like a dune field:  geological history in 
the Nebraska Sand Hills, Great Plains Research, 10(5)-35. 
Loope, D.B., J.B. Swinehart, and J.P. Mason (1995), Dune-dammed paleovalleys of the 
Nebraska Sand Hills: intrinsic versus climatic controls on the accumulation of 
lake and marsh sediments, Geological Society of America Bulletin, 107(4), 396-
406. 
Mason, J.A., J.B. Swinehart, and D.B. Loope (1997), Holocene history of lacustrine and 
marsh sediments in a dune-blocked drainage, Southwestern Nebraska Sand Hills, 
U.S.A., Journal of Paleolimnology 17, 67–83. 
Mason, J.A., J.B. Swinehart, R.J. Goble, and D.B. Loope (2004), Late-Holocene dune 
activity linked to hydrological drought, Nebraska Sand Hills, USA, The Holocene, 
14(2), 209-217. 
40 
 
 
Mason, J.A., J.B. Swinehart, P.R. Hanson, D.B. Loope, R.J. Goble, and X. Miao (2010), 
Late Pleistocene Dune Activity in the Central Great Plains, U.S.A., Geological 
Society of America Abstracts with Programs, 2(5), 416. 
McCarraher, D.B. (1977), Nebraska’s Sandhills Lakes, Nebraska Games and Parks 
Commission, Lincoln, 67 p. 
Miao, X., J.A. Mason, J.B. Swinehart, D.B. Loope, P.R. Hanson, R.J. Goble, and X. Liu 
(2007), A 10,000 year record of dune activity, dust storms, and severe drought in 
the central Great Plains, Geology, 35(2), 119-122. 
Muhs, D.R., J.B. Swinehart, D.B. Loope, J. Been, S.A. Mahan, and C.A. Bush (2000), 
Geochemical Evidence for an Eolian Sand Dam across the North and South Platte 
Rivers in Nebraska, Quaternary Research, 53(2), 214-222. 
Murray, A.S., and A.G. Wintle (2000), Luminescence dating of quartz using an improved 
single-aliquot regenerative-dose protocol, Radiation Measurements, 32(1), 57-73. 
Nebraska Department of Natural Resources (2010), Registered groundwater wells data 
retrieval, Official Nebraska Government Website:  
http://dnrdata.dnr.ne.gov/wellssql/. Retrieved 20 March 2010  
Nicholson, B.J., and J.B. Swinehart (2005), Evidence of Holocene climate change in a 
Nebraska Sandhills wetland, Great Plains Research 15, 45–67. 
Nield, S.P., L.R. Townley, and A.D. Barr (1994), A framework for quantitative analysis 
of surface water-groundwater interaction: Flow geometry in a vertical section, 
Water Resources Research, 30(8), 2461-2475. 
41 
 
 
Patrick, R. and C.W. Reimer (1966), The diatoms of the United States, exclusive of 
Alaska and Hawaii, Volume 1-Fragilariaceae, Eunotiaceae, Achnanthaceae, 
Naviculaceae. Academy of Natural Sciences of Philadelphia Monograph No. 13, 
688 pp. 
Patrick, R., and C.W. Reimer (1975), The diatoms of the United States, exclusive of 
Alaska and Hawaii, Volume 2, Part 1-Entomoneidaceae, Cymbellaceae, 
Gomphonemaceae, Epithemaceae. Academy of Natural Sciences of Philadelphia 
Monograph No. 13, 213 pp. 
Raanan-Kiperwas, H. (2010), unpublished data. 
Rundquist, D. (1983), Wetland inventories of Nebraska’s Sandhills Rep. 9, University of 
Nebraska-Lincoln, Lincoln. 
Ryves, D.B., S. Juggins, S.C. Fritz, and R.W. Battarbee (2001), Experimental diatom 
dissolution and the quantification of microfossil preservation in sediments, 
Palaeogeography, Palaeoclimatology, Palaeoecology, 172(1-2), 99-113. 
Schmieder, J., S.C. Fritz, J.B. Swinehart, A.L.C. Shinneman, A.P. Wolfe, G. Miller, N. 
Daniels, K.C. Jacobs, and E.C. Grimm (In Review), A regional-scale climate 
reconstruction of the last 4000 years from lakes in the Nebraska Sand Hills, USA., 
Quaternary Science Reviews.  
Shinneman, A., D. Bennett, S. Fritz, J. Schmieder, D. Engstrom, A. Efting, and J. Holz 
(2010), Inferring lake depth using diatom assemblages in the shallow, seasonally 
variable lakes of the Nebraska Sand Hills (USA): calibration, validation, and 
application of a 69-lake training set, Journal of Paleolimnology, 44(2), 443-464. 
42 
 
 
Smith, A.J., and L.R. Townley (2002), Influence of regional setting on the interaction 
between shallow lakes and aquifers, Water Resources Research, 38(9), 1170. 
Smith, D.G. (1987), A mini-vibracoring system, Journal of Sedimentary Research 57(4), 
757-758. 
Stuiver, M., and P. Reimer (1998), University of Washington quaternary isotope 
laboratory radiocarbon calibration program rev 4.1 beta 3., Radiocarbon 35, 215-
230. 
Swinehart, J.B., and R.F. Diffendal Jr (1998), Geology, in An Atlas of the Sand Hills, 
edited by A. S. Bleed, and C. A. Flowerday, pp. 29-56, University of Nebraska-
Lincoln, Lincoln. 
Swinehart, J.B., V.L. Souders, H.M. DeGraw, and R.F. Diffendal Jr. (1985), Cenozoic 
paleogeography of western Nebraska: In Cenozoic Paleogeography of west-
central United States: S.E.P.M. Rocky Mountain Section Paleogeography 
Symposium 3, edited by R. M. Flores, and S. S. Kaplan, pp. 209-229. 
Tarboton, D. (2009), Terrain Analysis using DEM Hydrology (TauDEM) version 4.0, 
David Tarboton's hydrology research group website:  
http://hydrology.usa.edu/taudem/taudem5.0/index.html.  Retrieved 10 Feb. 2010.  
Townley, L.R., and M.G. Trefry (2000), Surface water–groundwater interaction near 
shallow circular lakes: flow geometry in three dimensions, Water Resources 
Research, 36(4), 935-949. 
43 
 
 
Townley, L.R., and M.G. Trefry (2000), Surface water-groundwater interaction near 
shallow circular lakes: Flow geometry in three dimensions, Water Resources 
Research, 36(4), 935-948. 
University of Nebraska-Lincoln - Conservation and Survey Division (UNL-CSD) (2010), 
Configuration of the water table 1995, University of Nebraska-Lincoln Web Site:  
http://snr.unl.edu/data/geographygis/NebrGISwater.asp. Retrieved 2 Feb. 2010. 
Urbano, L.D., M. Person, K. Kelts, and J.S. Hanor (2004), Transient groundwater 
impacts on the development of paleoclimatic lake records in semi-arid 
environments, Geofluids, 4(3), 187-196. 
USGS (2004), Shuttle Radar Topography Mission, 1 Arc Second scene 
SRTM_u01_p031r031, Unfilled Unfinished 2.0, Global Land Cover Facility, 
University of Maryland, College Park, Maryland, February 2000.   
Webster, K.E., P.A. Soranno, S.B. Baines, T.K. Kratz, C.J. Bowser, P.J. Dillon, P. 
Campbell, E.J. FeE, and R.E. Hecky (2000), Structuring features of lake districts: 
landscape controls on lake chemical responses to drought, Freshwater Biology, 
43(3), 499-515. 
Wilhite, D.A., and K.G. Hubbard (1998), Climate, in An Atlas of the Sand Hills, edited by 
A. S. Bleed, and C. A. Flowerday, pp. 17–28, University of Nebraska, Lincoln. 
Winter, T.C. (1986), Effects of ground-water recharge on configuration of the water table 
beneath sand dunes and on seepage in lakes in the Sandhills of Nebraska, U.S.A., 
Journal of Hydrology, 86, 221-237. 
44 
 
 
Wood, W.W., and W.E. Sanford (1990), Ground-water control of evaporite deposition, 
Economic Geology, 85, 1226-1235. 
Wood, W.W., and W.E. Sanford (1995), Eolian transport, saline lake basins, and 
groundwater solutes, Water Resources Research, 31(12), 3121-3129. 
Zlotnik, V.A., F. Olaguera, and J.B. Ong (2009), An approach to assessment of flow 
regimes of groundwater-dominated lakes in arid environments, Journal of 
Hydrology, 371(1-4), 22-30. 
Zlotnik, V.A., N.I. Robinson, and C.T. Simmons (2010), Salinity dynamics of discharge 
lakes in dune environments: conceptual model, Water Resources Research. 
doi:10.1029/2009 WR008999. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
45 
 
 
CHAPTER 3 
ASSESSING LAKEBED HYDRAULIC CONDUCTIVITY AND SEEPAGE FLUX 
BY POTENTIOMANOMETER 
 
John B. Ong1* and Vitaly A. Zlotnik2 
 
 
1Department of Geosciences, University of Nebraska-Lincoln, 214 Bessey Hall, Lincoln, 
NE 68588-0340, USA; (402) 472-2663; fax: (402) 472-4917 
jbong@huskers.unl.edu 
2Department of Geosciences, University of Nebraska-Lincoln, 214 Bessey Hall, Lincoln, 
NE 68588-0340, USA; vzotnik1@unl.edu 
* Corresponding Author 
 
Citation:  Ong, J. B. and Zlotnik, V. A., 2010, Assessing Lakebed Hydraulic 
Conductivity and Seepage Flux by Potentiomanometer. Ground Water, 
doi: 10.1111/j.1745-6584.2010.00717.x 
 
46 
 
 
Abstract  
Potentiomanometers (PMs) are commonly used to determine flux directions 
across interfaces between surface waters and aquifers.  We describe a complementary 
function: estimating small-scale hydraulic conductivity (K) in a lakebed, using the 
constant-head injection test (CHIT) by Cardenas and Zlotnik (2003) with the PM 
designed by Winter et al. (1988).  A piezometer with a small screen is inserted into the 
lakebed.  Local head potential is obtained by measuring the head difference between the 
test point and the aquifer interface.  The piezometer is then used for water injection. This 
technique is illustrated by measurements taken from Alkali Lake in the Sand Hills, 
Nebraska, United States.  Lakebed K and seepage fluxes ranged from 0.037 to 0.090 m/d, 
and Darcy velocities ranged from 0.004 to 0.027 m/d.  Results were consistent with 
supplementary data gathered using a modified CHIT and a cone penetrometer.  The 
compact size of the device and small volumes used for injection enable this method to 
estimate lakebed K values as low as 0.01 to 0.1 m/d, a range seldom explored in lake-
aquifer interface systems.   
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INTRODUCTION 
Recently, increasing interest in groundwater-surface water interactions has 
necessitated quantitative assessments of seepage fluxes (Kennedy et al. 2007). In 
moderate- to high-K environments, such as alluvium, the time needed for gathering 
hydraulic head and K data is short compared to the test setup time. Much streambed K 
data has been published (Landon et al. 2001; Cardenas and Zlotnik 2003; Murdoch and 
Kelly 2003; Baxter et al. 2003; Kennedy et al. 2007) but less has been gathered in low-K 
environments where longer times are needed to achieve equilibration. Actual lakebed K 
have been measured with simple techniques (Lee and Cherry 1978) and more 
sophisticated equipment (Harvey et al. 1997), but are not abundant. Limited point 
measurements can miss important fluxes when scaled up to a lake-wide water budget or 
to assess solute transport (Krabbenhoft and Anderson 1986).   
A potentiomanometer (PM) designed by Winter et al. (1988) is now 
conventionally used to measure the differences in hydraulic head between groundwater 
and surface waters. Here, we describe how we modified this instrument to perform a 
constant-head injection test (CHIT) devised by Cardenas and Zlotnik (2003) and quickly 
obtain low-K estimates for a lakebed. Pitz (2007) has provided useful details on CHIT 
applications.  Results gathered in this manner were compared with K data obtained from 
a modified CHIT and supplemented by measurements using a cone penetrometer.       
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DESIGN AND METHODOLOGY 
This method has three steps (Figure 1): 
1.  Piezometer installation 
The hydraulic PM of Winter et al. (1988) has two hollow, co-axial stainless-steel 
rods that are simultaneously pushed into the ground using a wooden handle (Figure 
1a).  When the desired screen depth has been reached, the handle is partially 
unscrewed (Figure 1b) and the inner rod is pushed further downward to expose the 
screen (Figure 1c). 
 
 
Figure 1.  Procedures in installing and measuring head differences and hydraulic 
conductivity Kh. 
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2.  Potentiomanometric measurement 
Groundwater enters the screen and depending on the potentiometric head hP, rises 
above, below, or remains at the same level as the surface water (Figure 1d). The 
difference in hydraulic head (δh) between groundwater (hP) and surface water (hS) 
heads is measured directly  by connecting one end of the U-shaped manometer to the 
inner pipe, and the other end to the surface water (i.e., δh = hP – hS).  A hand pump 
and vacuum bottle are used to draw the surface water and groundwater into the 
manometer (Figure 1e).  After equilibration, δh is measured directly from the 
manometer (see Winter et al. 1988 for details).  Photographs of the interface of the 
potentiomanometer and CHIT are included in the online supporting information. 
3.  Evaluation of hydraulic conductivity 
After δh is measured, the manometer is removed and the piezometer is attached to 
an appropriate vessel holding 12, 1000, or 4000 cm3; these choices are respectively 
graduated in 0.1-, 10-, or 100-cm3 units (Figures 1f and 1g).  The CHIT of Cardenas 
and Zlotnik (2003) was designed for high-K stream environments and did not 
incorporate the contribution of δh.  Minute discharges from low-K lakebed sediments 
must be measured using smaller, more finely graduated vessels. 
The piezometer, hose, and vessel are filled with clear water.  A CHIT is then 
performed by measuring the discharge (Q) and operating head (y) of the injected water. 
This operating head is the elevation of the water level in the discharge vessel above the 
potentiometric head value hP. 
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After obtaining Q and y from the CHIT, the horizontal hydraulic conductivity Kh 
is estimated using the equation  
   
2h
QK
LPyπ=          (1) 
where P is the shape factor; L is the screen length, and y  is operating head, as defined in 
Figure 1f (Cardenas and Zlotnik, 2003).  Estimating shape factor using the method of 
Bouwer and Rice (1976) includes the empirical dimensionless coefficients A and B.  
When the ratio of Kh to vertical hydraulic conductivity (Kv) is available (Zlotnik, 1994), P 
is calculated as follows: 
*
*
* *
ln[( ( )) / ]1.1  ,
ln[( ) / ] /
w h
w w
w w v
A B b l L r KP r r
l L r L r K
+ − += + =+ ;   (2) 
Otherwise, the aquifer is considered isotropic (Kh=Kv). Note that the effect of anisotropy 
(Kh≠Kv) on our Kh  results is quite acceptable (see Zlotnik, 1994)). An accurate P estimate 
without empirical coefficients was proposed by Zlotnik et al. (2010).  
 To be accurate, Kh estimation must consider unaccounted errors associated with 
model validity, shape factor approximation, incomplete head stabilization, compressible 
lakebed properties, effects of injected water on lakebed mud cohesion, and preferential 
flow [Tavenas et al., 1990]. Typical tabulations of shape factors include relative error of 
about 25% (Zlotnik et al. 2010). Relative error in Kh due to measurements of discharge 
(Q) stems from incomplete head stabilization and can be estimated at about 15%. Errors 
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in estimates of the length of screen interval (L) and operating head (y) are small.  The 
relative error in Kh is estimated using Equation (1):  
%50%25%5%5%15ln <+++=∆+∆+∆+∆≤∆=∆
P
P
y
y
L
L
Q
QK
K
K
h
h
h  (3) 
This may be acceptable for low-K situations that are more difficult to measure.   
 
Technical Considerations 
 The major problem with performing tests in fine-grained sediments is the length 
of time needed for the hydraulic heads to equilibrate (Winter et al. 1988), in our case 
more than 3 h  during which wind may cause lake levels to fluctuate.  Oscillations in the 
groundwater head also occur if the aquifer was initially disrupted by the negative 
pressure applied to pull the groundwater up to the manometer.  Minor problems, 
associated to leaks and trapped air are remedied by using clamps and sealants, and 
“milking” the hose for bubbles.   
 While the CHIT is performed, piping and settling may disturb the sediments.  
Piping may rapidly increase the apparent Kh by creating head changes in the piezometer 
and preferential flow.  The initial application of water may cause a “water-hammer” 
effect by moving sediments between the screen and the lake bed.  As these sediments 
settle, they can decrease the apparent Kh, even if clean water is added to the piezometer.  
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Computing Kh on-site, using the pre-calculated shape factor is also a useful way to check 
for consistency between the gathered parameters and regional and local Kh values.   
Field example  
This method was tested in the Nebraska Sand Hills where we studied water and 
salt balances of Alkali Lake.  Data were collected in five locations along the lake shore 
on 28 June and 10 to 13 July 2007 when the lake area was approximately 0.52 km2 and 
its average depth was 0.2 m (Figure 2).  A 1.2x2.4-m piece of plywood with a central 0.6-
m diameter hole was submerged on the lakebed to serve as a working platform in order to 
avoid disturbing the bed.  Test PM insertion depths ranged from 50.7 to 127.0 cm below 
the lake level (Table 1).  Head differences varied from 8.6 to 14.9 cm, all indicating 
upward seepages.  Kh-values varied from 10-2 to 10-1 m/d (Table 2), as much as three 
orders of magnitude smaller than in the surrounding sand dunes, where K averages 4.8 ± 
4.6 and ranges from 0.3 to 15 m/d (Zlotnik et al. 2007).  Darcy velocities were between 
4.4 x 10-3 and 2.7 x 10-2 m/d (Table 2).  Sample field data and calculations are provided 
in the online supporting information.  The Kh values obtained are typical for aquitards 
and deep lake sediments, which range from 10-1 to 10-3 m/d [Harvey et al., 1997; van der 
Kamp, 2001], and are up to three order magnitudes lower than the 10-1 to 102 m/d 
measured in streambeds by Calver (2001) and Cardenas and Zlotnik (2003).   
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Figure 2.  Location of potentiomanometer stations (white boxes) and dune 
topography near Alkali Lake, Sand Hills, Nebraska. Solid black circles indicate 
maximum depth of penetration at resistance 300 PSI using a 3.3-cm2 cone base area, 
1.8-m hand-operated static cone penetrometer.  Lower left inset is a radial plot of 
the depth of penetration with angles relative to the center of the lake and radii 
lengths indicating the depth of penetration.  
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Table 1. 
Summary of measurements of hydraulic head differences in Alkali Lake. 
Location 
Lake depth,  
hs  
(cm) 
Screen  
Depth, ℓ  
(cm) 
Stabilization  
time 
(min) 
Head 
Difference, 
δh (cm) 
Flow  
direction 
1 0.0 84.2 23 14.9 ↑ 
2 7.9 80.8 25 8.6 ↑ 
3 0.0 74.5 25 17.1 ↑ 
4 13.8 127.0 197 10.6 ↑ 
5 0.0 50.7 35 11.2 ↑ 
 
Comparison with Modified CHIT 
 A modified CHIT was conducted at location 5 (Figure 2) to compare the K values 
obtained with the previous method.  A transparent Plexiglas stand pipe with an inner 
diameter of 5.0 cm was inserted into the lake bed to the depth L in the sediment of about 
30 cm.  Lake level is assumed to have been constant during the test.  The pipe was filled 
to its brim with water, and the operating hydraulic head is equal to the elevation 
difference between the top of the pipe and the lake level.  Differences in hydraulic heads 
at the ends of the sedimentary column in the pipe caused the head drop in the pipe from 
h1 at time t1 to h2 at time t2.  These values were used to assess discharge over the test 
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time, .
4 12
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⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
−=
tt
hhDQ π   Because of the low-K lakebed, only a small head change 
in the pipe occurred in the pipe (h2-h1<<h2) and Q was relatively steady.  Also, an 
operating constant head )(5.0 21 hhy += can also be used for test interpretation.  
[Hvorslev, 1951] developed the equation for computing the vertical hydraulic 
conductivity, KV,  for this permeameter test setup [Landon et al., 2001]:   
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +=
vh
v KKL
D
yD
QLK
/11
14 2
π
π       (4) 
where L is thickness of the sediment interval being measured. Typically, Kh >Kv. For 
L/D>4 and Kh/Kv=4, Kh/Kv  the approximate formula    
yD
QLK v 2
4
π≈         (5) 
has relative error less than 5% (Chen 2004). The average Kv for three measurements 
taken at station 5 is 3.0 x 10-2 ± 2.1 x 10-2 m/d and is comparable to the Kh obtained using 
the PM setup. The difference may be due to the anisotropy, heterogeneity, compaction, 
and geometry of the sampled interval.  Data on sediment anisotropy at the small scale are 
not abundant.  Typically Kh> Kv  and are of the same order of magnitude [Burger and 
Belitz, 1997], and use of PM-derived K data yields the upper bound of vertical velocity 
estimates (Table 2).  
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Cone Penetrometer Data 
 The nature of the lakebed is variable and K in the subsurface can be better 
characterized by using rapid methods to gather more measurements.  To supplement the 
K-data, the lakebed stratigraphy was rapidly assessed using a hand-operated static cone 
penetrometer (DICKEY-john® Soil Compaction Tester) with 1.8m-long probe, applying a 
pressure of approximately 2.1 MPa.  Sandy sediments usually have high cone tip 
resistance compared to softer clay sediments.  Deeper penetration indicates more soft 
clay relative to sand in the sediment column.  Three lake areas were observed:  (1) 
variable distribution of sediments within the wetland surrounding the lake; (2) lower 
depth of penetration, possibly due to more sands along the northeastern and southeastern 
shores; and (3) deeper depth of penetration, possibly more soft lacustrian sediments, 
along the southeastern channel (Figure 2).  These data show significant spatial variability 
and may be also suggestive of depositional spatial trends in K.   
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Table 2. 
Estimates of hydraulic conductivity and Darcy velocity. 
 
Conclusions 
 PM are commonly used to measure head differences across aquifer-surface water 
interfaces.  Having a piezometer inserted at the first stage, we combined the application 
of the PM with hydraulic conductivity measurements at the same position.  The method 
can estimate lakebed K as low as 0.01 to 0.1 m/d characteristic of silty sands, a range 
seldom explored in lake-aquifer interface systems.  This is made possible by the compact 
size of the device and the small volumes needed for injection. The technique provides 
consistent flux estimates at a given point.  
Loca
tion 
Hydraulic 
conductivity, 
Kh  (m/day) 
No. of 
readings 
Head 
Difference,
δh (cm) 
Length, 
ℓ  (cm) 
Darcy velocity 
(m/day) 
1 5.1 x 10-2 ± 1.0 x 10-2 3 14.9 84.2 9.0x10-3 ± 1.8x10-3 
2 3.8 x 10-2 ± 2.7 x 10-2 7 8.6 72.9 4.4x10-3 ± 3.2x10-3 
3 3.7 x 10-2 ± 4.4 x 10-4 4 17.1 60.0 1.1x10-3 ± 1.3x10-3 
4 9.0 x 10-2 ± 4.4 x 10-3 5 10.6 113.2 8.4x10-3 ± 4.1x10-4 
5 9.0 x 10-2 ± 1.2 x 10-2 18 14.1 47.2 2.7x10-2 ± 3.6x10-3 
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 Stabilization times of hydraulic head differences are on the order of hours as the 
aquifer adjusts to the negative pressure exerted in raising the groundwater to fill the 
manometer.  In conducting the constant-head injection test, apparent K may decrease and 
increase due to settling and piping, respectively.  The acquired data set is small due to the 
long time required to stabilize the PM heads at the test site, but the resulting K values are 
consistent with those obtained using the constant-head permeameter test.  Supplementary 
measurements gathered with the cone penetrometer show lakebed spatial variability 
which may also indicate spatial depositional trends in K.   
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Figure S1.  Photographs of the interface of the potentiomanometer and the constant-head 
injection test. 
Table S1.  Sample field data and calculations.  
Tabulated data on penetrometer, potentiomanometer, and constant-head injection test are 
found in Appendices 2, 3, and 4, respectively. 
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Figure S1.  Photographs of the interface of the potentiomanometer and the constant-head 
injection test:  a)  Setup of interface between the potentiomanometer (PM) designed by 
Winter et al. (1988) and the constant-head injection test (CHIT).  The PM consists of the 
piezometer and manometer.  Four- and l-liter graduated containers serve as reservoirs for 
the CHIT.  Plastic push-in valves were used to easily attach and detach the hose from the 
manometer to the CHIT reservoirs.  b)  Front view of the manometer.  Left arrow points 
to the lake head; the SW mark on the mounting board stands for surface water.  Right 
arrow points to the groundwater head; the GW mark stands for groundwater.  c)  Setup of 
a 10-ml pipette for low-volume CHIT.  The pipette is filled with water through a series of 
fittings and tubing that connect to the elevated gallon container.  A valve regulates the 
head of water within the pipette before the CHIT is performed.     
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Table S1.  Sample field data and calculations. 
Potentiomanometer observations 
Location 3.   
Screen depth (l) =  60.0 cm 
Surface water head (hs) = 0 cm 
Note:  Lake water level was right at the lake bed.  Lake surface water was made available 
by digging a small hole on the lake bed.   
Time 
∆Time 
(min) 
Cum. 
Time 
(min) 
Lake 
head 
(cm) 
GW 
Head 
(cm) 
GW Head – 
Lake head 
(cm) 
1513 0 0 13 29.4 16.4 
1518 5 5 12.7 29.5 16.8 
1523 5 10 12.6 29.6 17.0 
1528 5 15 12.6 29.6 17.0 
1533 5 20 12.5 29.6 17.1 
1538 5 25 12.5 29.6 17.1 
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After equilibrating the manometer for 25 minutes, δh = 17.1 cm.   
Constant-head injection test  
Operating head (y) = 185.7 cm  
Note:  In the field, it is easier to measure the operating head relative to the lakebed 
surface (i.e., y + hp).  The operating head y can then be derived by subtracting the 
measured value by the potentiometric head hp (see Figures 1f and g). 
Volume injected (V) = 5.0 cm3 
Discharge (Q) using the 12-cm3 pipette: 
  For trial 1, Q = 5.0 cm3 / 25.2 sec  
                       = 0.20 cm3/sec 
Trial 
Time 
(sec) 
Q  
(cm3/sec)
Kh  
(cm/sec) 
Kh  
(m/day) 
1 25.2 0.20 4.3 x 10-5 3.8 x 10-2 
2 25.4 0.20 4.3 x 10-5 3.7 x 10-2 
3 25.8 0.19 4.2 x 10-5 3.7 x 10-2 
4 25.2 0.20 4.3 x 10-5 3.8 x 10-2 
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Shape factor calculation: 
Screen radius (rw) = 0.635 cm 
Screen length (L) = 6.35 cm 
Aquifer thickness (b) = 1000cm 
Ratio of the screen length to the screen radius, 
10   
cm 0.635 
cm 6.35  ==
wr
L , 
is used to determine the dimensionless constants A  and B (see figure 3 of Bouwer and 
Rice, 1976):  
A = 1.9 and B = 0.26. For calculations, lakebed is assumed isotropic 
 
Shape factor  (Eq. 2): 
35cm6.35cm/0.6
]
0.635cm
6.35cm)(60cm1000cm0.26ln[1.9
35cm]6.35cm)/.6ln[(60cm
1.1
+−+
++=P  
     = 0.62 
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Hydraulic conductivity computation: 
Hydraulic conductivity (Eq. 1) 
cm).62)(185.7(0.35cm)(02
sec/cm 0.20 3
π=hK  
     = 4.3 x 10-5 cm/sec  
     = 3.7 x 10-2 m/day 
 
Vertical Darcy velocity (v) computation: 
l
hKv δ=  
Where v = vertical Darcy velocity (m/day) 
 K = hydraulic conductivity (m/day), approximated by Kh 
          l
hδ  = vertical hydraulic gradient 
m/day 10 x 1.1    
m 0.60
m) 1m/day)(.17 10 x (3.7    
2-
-2
=
=
 
Relative error in computing the Darcy velocity: 
60%     5%    5%   50%  ln <++=∆+∆+∆≤∆=∆ l
l
h
h
K
Kv
v
v
δ
δ  (7) 
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Since 
h
h
δ
δ∆ and l
l∆ are on the order of 5%, the relative error for v is largely determined 
by the relative error of 
K
K∆ .  
 
66 
 
 
 References 
 
Baxter, C., F.R. Hauer, and W.W. Woessner. 2003. Measuring groundwater–stream water 
exchange: new techniques for installing minipiezometers and estimating hydraulic 
conductivity. Transactions of the American Fisheries Society 132, no. 3: 493–502. 
Bouwer, H., and R.C. Rice. 1976. A slug test method for determining hydraulic 
conductivity of unconfined aquifers with completely or partially penetrating 
wells. Water Resources Research 12, no. 3: 423–428. 
Burger, R.L., and K. Belitz. 1997. Measurement of anisotropic hydraulic conductivity in 
unconsolidated sands: a case study from a shoreface deposit, Oyster, Virginia. 
Water Resources Research 33, no. 6: 1515–1522. 
Calver, A. 2001. Riverbed permeabilities: information from pooled data. Ground Water 
39, no. 4: 546–553. 
Cardenas, M.B., and V.A. Zlotnik. 2003. A simple constant-head injection test for 
streambed hydraulic conductivity estimation. Ground Water 41, no. 6: 867–871. 
Chen, X. 2004. Streambed hydraulic conductivity for rivers in south-central Nebraska. 
Journal of the American Water Resources Association 40, no. 3: 561–573. 
Harvey, F.E., D.L. Rudolph, and S.K. Frape. 1997. Measurement of hydraulic properties 
in deep lake sediments using a tethered pore pressure probe: applications in the 
67 
 
 
Hamilton Harbour, western Lake Ontario. Water Resources Research 33, no. 8: 
1917–1928. 
Hvorslev, M.J. 1951. Time lag and soil permeability in groundwater observations. 
Waterways Experiment Station, Corps of Engineers, U.S. Army, Bulletin No. 36. 
Kennedy, C.D., D.P. Genereux, D.R. Corbett, and H. Mitasova. 2007. Design of a light-
oil piezomanometer for measurement of hydraulic head differences and collection 
of groundwater samples. Water Resources Research 43, no. 9:1–9. 
Krabbenhoft, D.P., and M.P. Anderson. 1986. Use of a numerical ground-water flow 
model for hypothesis testing. Ground Water 24, no. 1: 49–55. 
Landon, M.K., D.L. Rus, and F.E. Harvey. 2001. Comparison of instream methods for 
measuring hydraulic conductivity in sandy streambeds. Ground Water 39, no. 6: 
870–885. 
Lee, D.R., and J.A., Cherry. 1978. A field exercise on groundwater flow using seepage 
meters and mini-piezometers. Journal of Geological Education 27, no. 1: 6–10. 
Murdoch, L.C., and S.E. Kelly. 2003. Factors affecting the performance of conventional 
seepage meters. Water Resources Research 39, no. 6: 1–10. 
Pitz, C.F. 2007. An evaluation of a piezometer-based constant head injection test (CHIT) 
for use in groundwater/surface water interaction studies, Publication No. 06-03-
042. Washington, DC: Department of Ecology. 
68 
 
 
Tavenas, F., M. Diene, and S. Leroueil. 1990. Analysis of the in situ constant-head 
permeability test in clays. Canadian Geotechnical Journal 27, no. 3: 305–314. 
van der Kamp, G. 2001. Methods for determining the in situ hydraulic conductivity of 
shallow aquitards –an overview. Hydrogeology Journal 9, no. 1: 5–16. 
Winter, T.C., J.W. LaBaugh, and D.O. Rosenberry. 1988. The design and use of a 
hydraulic potentiomanometer for direct measurement of differences in hydraulic 
head between groundwater and surface water. Limnology and Oceanography 33, 
no. 5: 1209–1214. 
Zlotnik, V.A., D. Goss, and G. Duffield. 2010. A general steady-state shape factor for a 
partially-penetrating well. Ground Water 48, no. 1: 111–116. 
Zlotnik, V.A., M. Burbach, J. Swinehart, D. Bennett, S. Fritz, D. Loope, and F. Olaguera. 
2007. Using direct-push methods for aquifer characterization in Dune-Lake 
environments of the Nebraska Sand Hills. Environmental and Engineering 
Geoscience 8, no. 3: 205–216. 
Zlotnik, V.A. 1994. Interpretation of slug and packer tests in anisotropic aquifers. 
Ground Water 32, no. 5: 761–766. 
 
 
 
 
 
69 
 
 
CHAPTER 4 
COMBINED USE OF FREQUENCY-DOMAIN ELECTROMAGNETIC AND 
ELECTRICAL RESISTIVITY SURVEYS TO DELINEATE NEAR-LAKE 
GROUNDWATER FLOW IN THE SEMI-ARID NEBRASKA SAND HILLS, 
U.S.A. 
John B. Ong · John W. Lane, Jr. · Vitaly A. Zlotnik · Todd Halihan · Eric A. White 
J.B. Ong · V.A. Zlotnik 
Department of Geosciences, University of Nebraska-Lincoln,  
214 Bessey Hall, Lincoln, NE 68588, USA, jbong@huskers.unl.edu 
J.W. Lane, Jr. · E.A. White 
Branch of Geophysics, US Geological Survey,  
11 Sherman Place, Unit 5015, Storrs Mansfield, CT 06269, USA 
T. Halihan 
School of Geology, Oklahoma State University,  
105 Noble Research Center, Stillwater, OK 74078, USA 
 
Citation:  Ong, John B.; Lane, John W.; Zlotnik, Vitaly A.; Halihan, Todd; 
White, Eric A.(2010) Combined use of frequency-domain electromagnetic and 
electrical resistivity surveys to delineate near-lake groundwater flow in the semi-
arid Nebraska Sand Hills, USA.  Hydrogeology Journal, Volume 18, Issue 6, pp. 
1539-1545
70 
 
 
Abstract   
A frequency-domain electromagnetic (FDEM) survey can be used to select 
locations for a more quantitative and labor-intensive electrical resistivity surveys.  The 
FDEM survey rapidly characterized the groundwater-flow directions and configured the 
saline plumes caused by evaporation from several groundwater-dominated lakes in the 
Nebraska Sand Hills, USA.  The FDEM instrument was mounted on a fiberglass cart and 
towed by an all-terrain vehicle, covering about 25 km/day.  Around the saline lakes, areas 
with high electrical conductivity are consistent with the regional and local groundwater 
flow directions.  The efficacy of this geophysical approach is attributed to: the high 
contrast in electrical conductivity between various groundwater zones; the shallow 
location of the saline zones; minimal cultural interference; and relative homogeneity of 
the aquifer materials. 
 
 
 
 
Keywords:  Frequency-domain electromagnetic ·  Electrical resistivity · Geophysical 
methods · Field techniques · Salt-water/fresh-water relations · USA 
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Introduction 
In large areas of the US, complex lake-groundwater interactions are important and 
must be thoroughly evaluated to assess the sustainability of water resources and ecology.  
Determining the orientation, distribution, and scale of fluxes in the vicinity of natural 
surface water bodies is very labor-intensive, requiring the coverage and extensive 
sampling of large areas.  New approaches to infer fluxes include cases when groundwater 
and surface water differ in temperatures or isotopic composition (e.g. Walker and 
Krabbenhoft 1996; Lowry et al. 2007).  These approaches, however, require invasive 
sampling or sensor deployment at various depths.   
Recent advances in data interpretation and electronics have made it possible to 
use electromagnetic (EM) and electrical resistivity (ER) surveys to delineate groundwater 
interfaces non-invasively, especially in areas of seawater intrusion (Fitterman DV and M 
1998; Day-Lewis et al. 2006) and groundwater salinization (Bauer et al. 2006). In arid 
and semi-arid environments, the salinity of groundwater-dominated lakes is increased 
when surface evaporation exceeds precipitation (Wood and Sanford 1990).  In Figure 1, 
Qin is the inflow rate of fresh groundwater with concentration Cin and Qout is the outflow 
rate with elevated concentration Cout.   Lake water of elevated salinity discharges into a 
groundwater system and moves downgradient with the ambient flow (Townley and 
Trefry 2000; Zlotnik et al. 2009), interacting with it to produce a saline plume.  This 
approach was tested in the Nebraska Sand Hills, Nebraska, USA. 
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Fig. 1  Lake water as a natural tracer in a flow-through system. Qin is the inflow rate of 
fresh groundwater with concentration Cin and Qout is the outflow rate with elevated 
concentration Cout 
The Nebraska Sand Hills (Fig. 2), the largest vegetated dune field in the Western 
Hemisphere, covers 58,000 km2. Very active during the Holocene (Mason et al. 2004), 
the dune field is now stabilized by vegetation. Precipitation is about 30 cm/year in the 
west, increasing eastward to 50 cm/year.  Recharge is on the order of 2.5 cm/year 
(Wilhite and Hubbard 1990).  During the Pleistocene, recharge into the highly permeable 
dunes raised the groundwater levels in the High Plains aquifer, producing numerous 
interdunal lakes.  Currently, 1,500 to 2,500 topographic depressions hold perennial lakes 
(Rundquist 1983) with total dissolved solid (TDS) ranging from the 0.3 g/L of freshwater 
to hypersaline values >100 g/L, (Gosselin 1997; McCarraher 1977), typically higher than 
the groundwater TDS of 0.13 and 1.7 g/L (Zlotnik et al. 2007). 
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Fig. 2  a  Stabilized dune fields in the Great Plains of North America are shown in black 
(modified from Forman et al., 2001); dotted lines are state boundaries. b The lakes 
studied in Garden County, Nebraska Sand Hills, include Alkali, Wilson, Gimlet, Mallard 
Arm and an unnamed one labeled R1.  Regional groundwater flow (University of 
Nebraksa-Lincoln, 2008) shows steeper gradients along the paleovalley mapped by 
Loope et al. (1995). 
The study area is located on the margins of the dune field where late Pleistocene 
and middle Holocene migrating dunes blocked two large paleovalley systems, raising the 
water table and creating over a thousand interdunal lakes (Fig. 2).  Fresher, flow-through 
lakes are located above the dune dam where the hydraulic gradient is steep whereas 
saline, gaining lakes occur far from the discharge point of a buried paleovalley, identified 
by Loope et al. (1995) from core logs and radiocarbon dating, along which the hydraulic 
gradient is gentle.  Aside from regional climate, other factors that control lake salinity 
74 
 
 
include topographic and hydrological position of the lakes within the regional 
groundwater system (Townley and Trefry 2000; Zlotnik, Olaguera and Ong 2009) and 
eolian transport of salt (Ong et al. 2009).   
The high contrast in electrical conductivity (EC) between saltwater plumes and 
freshwater aquifers, low population density (fewer than 2 persons per km2) and well-
sorted, fine-to-medium grain size of the dune sands (Sweeney and Loope 2001), make the 
Nebraska Sand Hills an ideal site for testing the use of ER surveys supplemented by the 
frequency-domain electromagnetic (FDEM) technique to delineate saltwater plumes 
surrounded by fresh groundwater.   Several freshwater and saline lakes (Fig. 2) were 
surveyed using this method. 
Methods 
The EC of earth materials is affected by various factors, including porosity, water 
content, salinity, temperature, soil texture, and mineralogy.  FDEM-induction instruments 
measure subsurface apparent EC without galvanic contact using alternating 
electromagnetic fields to induce subsurface eddy currents (Ward and Hohmann 1988).  
This non-intrusive approach enables rapid mapping of conductive subsurface structures 
(Callegary et al. 2007) and has been used for various near-surface applications including 
aquifer properties assessment (Schneider and Kruse 2003), delineation of contaminated 
groundwater plumes (Lanz et al. 1998), and estimation of soil saturation and salinity 
(Sheets and Hendrickx 1995). 
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FDEM-induction instruments typically contain three coils: transmitter, receiver, 
and bucking.  The transmitter coil produces the primary magnetic field that induces eddy 
currents in a conductive earth.  A bucking coil is used to remove the primary field from 
the receiving coil because the secondary magnetic field, produced by the induced eddy 
currents is extremely small (Won 2003).  Depth of penetration of EM fields into the 
subsurface involves many factors (Huang 2005), but its maximum is quantified by a 
useful surrogate, the skin depth, δ: 
fπµσδ
1=                 (1) 
where µ is magnetic permeability, σ is EC, and f is frequency in homogeneous systems. 
Equation 1 indicates that skin depth increases with decreasing frequency and EC. For 
most earth materials, µ is assumed to be constant and equivalent to µ0, the value for free-
space.   Assuming a relatively homogenous subsurface, EC correlates positively with 
TDS in water and skin depth is inversely proportional to the average groundwater 
salinity.  Obtaining skin depths δ 1 and δ 2 at two frequencies, f1 and f2, yields the ratio δ 1 
/δ 2 that can be used to infer vertical salinity distribution (Huang 2005). 
A modified GEM-2 manufactured by Geophex, Ltd. was used (note, any use of 
trade, product, or firm names is for descriptive purposes only and does not imply 
endorsement by authors).  Similar to the original GEM-2 described by (Won et al. 1996), 
this tool measures apparent electrical conductivity but can transmit up to 55 frequencies 
from about 1 to 63 kHz.  Rather than multiplexing, the modified unit sequentially steps 
through a set of user-specified frequencies.  As the instrument is moved along a survey 
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line, it collects data over the user-selected frequency range.  Each sweep of stepped-
frequency measurements takes about 1 s.  Apparent conductivity profiles for each 
frequency can be generated.  In addition, under the right conditions, it has been shown 
that the multi-frequency FDEM data can be interpreted as depth soundings (Abraham et 
al. 2006).   
 In contrast to non-contact FDEM methods, direct-current ER methods induce 
current into the subsurface by injecting current between two electrodes in direct contact 
with the earth.  One of the oldest geophysical methods, ER imaging techniques have been 
used for many applications, including delineation of the freshwater/saltwater interface 
(Abdul Nassir et al. 2000; Goldman and Kafri 2006), monitoring plumes of groundwater 
contamination (Cassiani et al. 2006; Webb et al. 2008), locating fractures in solid host 
rocks (Seaton and Burbey 2002), and differentiating sandy aquifers from clays (Baines et 
al. 2002).  
 
Data Collection 
In August 2007 and May 2008, the geophysical surveys were conducted around 
three saline lakes, Alkali, Wilson, and R1 and two freshwater lakes, Gimlet and Mallard 
Arm (Fig. 2).  All five lakes are less than 1.5 m deep.  Table 1 lists lake surface areas 
computed from topographic maps (USGS 1986a, b, c) and electrical properties of the lake 
waters measured from 2007 to 2008.  Lake TDS was estimated using regression between 
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groundwater EC and TDS, after Zlotnik et al. (2007).  Typical freshwater salinity values 
are less than 1 g/L, whereas average seawater is 35 g/L.  
The FDEM surveys were used to identify apparent conductivity anomalies to be 
investigated with the more quantitative and time-consuming ER surveys.  Data were 
collected for 15 transmitted frequencies linearly spaced from 0.3 to 96 kHz, a band 
chosen because it provides usable low frequencies with depth of penetrations on the order 
of tens of meters (Paine and Minty, 2005) and high frequencies, which tend to provide 
Table 1.  Lake surface area and electrical properties of lake water. 
 
improved lateral resolution.  The GEM-2 was mounted on a fiberglass cart at a standard 
survey height of 1 m and towed near the shoreline by an all-terrain vehicle (ATV) at a 
speed of approximately 1.2 m/s around each lake (Fig. 3). A commercial-grade global 
positioning system (GPS; Trimble PRO XRS) continuously recorded positions.  Abraham 
et al. (2006) reported that typical drift rates for the GEM-2 are very small for short-term 
measurement times such as the 1.5 hours it took to survey the longest lake perimeter, and 
so it was not necessary to collect instrument drift data during these surveys intended for 
reconnaissance purposes only. 
Lake Surface Area (hectares) 
Electrical  
Conductivity 
(mS/m) 
Electrical 
Resistivity 
(ohm-m) 
TDS 
(g/L) 
Alkali 50.3 5,700 – 12,170 0.2 – 0.1 38.1 – 81.4 
Wilson 19.2 1,034 – 1,796 1.0 –  0.6 6.9 – 12.0 
R1  4.4 2,800 – 13,010 0.4 – 0.1 18.7 – 87.0 
Gimlet 24.5 74 – 84 13.5 – 11.9 0.5 – 0.6 
Mallard Arm 6.7      162    6.2    1.1 
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Fig. 3  Field instrumentation.  a the GEM-2 is mounted on a fiberglass cart and pulled by 
an all-terrain vehicle (ATV); the GPS is mounted on the front of the ATV.  b the eight-
channel resistivity unit and switch box 
Two different ER instruments were used at different stages of the study.  An 
automated 8-channel resistivity meter, the Supersting R8/IPTM (Advanced Geosciences, 
Inc), was used to measure apparent resistivities around the saline lakes (Fig. 3).  The 
system had 56 electrodes spaced 5, 8, 9, or 10 m apart in a dipole-dipole configuration.  
The elevation of each electrode was measured using a real-time kinematic geodetic-grade 
differential GPS (Topcon Hyperlite).  In addition, a DZD-6A single-channel resistivity 
unit manufactured by Beijing Orangelamp Co. and a manual switch box were used to 
measure apparent resistivities around the freshwater lakes.  Each survey employed 48 
electrodes spaced 5 m apart in a Wenner configuration.  Multiple readings to quantify 
errors were not practical with the use of a manual switch box.  To ensure good data 
quality, apparent resistivities were plotted in the field after each survey and values that 
were obviously too large or too small compared to the neighboring data points were re-
measured.  The relative elevation of each survey line was measured using a total station, 
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model NTS302R+ (Orangelamp Co).  Apparent resistivities gathered from both saline 
and freshwater lakes were inverted using the AGI EarthImager 2D software (version 
1.9.0). 
Results 
At least 25 km of towed EM data were collected each day.  Spatial plots of 
average EC over all frequencies are shown in Fig. 4, in which high EC values indicate 
more saline groundwater.  Average EC around the saline lakes ranged from 10 to 150 
mS/m. Values of EC greater than 100 mS/m cluster along the eastern and southeastern 
shores.  Average EC around the freshwater lakes is about a third of that measured around 
the saline lakes and higher EM values define a NW-SE axis congruent with the 
paleochannel axis previously mapped by Loope et al. (1995). The presence of a segment 
with elevated salinity downstream from the lakes is consistent with regional and local 
groundwater flow directions and with the hypothesized presence of capture and discharge 
zones around lakes in semi-arid conditions. 
 EC at low and high frequencies were compared to infer changes in EC as a 
function of depth under the assumption that lower frequencies penetrate deeper than 
higher frequencies. EC values at 11,610 Hz had the least noise and were chosen for the 
lower frequency; 63,030 Hz was used for the high frequency.  EM11,610 Hz/EM63,030 Hz 
conductivity ratios of about 1 indicate that EC is uniform with depth. Ratio greater and 
less than 1 may respectively indicate that EC and salinity increase and decrease with 
depth.  Plots of the ratios as a function of location were compared to resistivity profiles 
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(Figs. 5 and 6).  Results of EM and ER are presented as conductivity and resistivity, 
respectively, the hotter colors indicating higher resistivity and lower conductivity values.  
Most of the EM conductivity ratios around the saline lakes are between 0.7 and 
0.9, indicating less EC with depth.  Ratios greater than 1.3 were found on the eastern and 
southeastern sides of Alkali and Wilson Lakes.  On the east side of Lake R1, ratios 
ranged from 0.7 to 1.1 whereas southwest of Alkali Lake, they were between 0.9 and 1.1.  
 
 
Fig. 4  Average subsurface electrical conductivities around a saline and b freshwater  
lakes in Garden County, Nebraska Sand Hills.  Note different linear distance and 
apparent conductivity scales on the two plots.  Base map from Farm Service Agency, 
USDA 2007, photograph taken 27 June 2006. 
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Fig. 5  a Map of EM11,160 Hz/EM63,030 Hz conductivity ratios around the saline lakes in 
Garden County, Nebraska Sand Hills (base map from Farm Service Agency, USDA 
2007, photograph taken 27 June 2006);  color scale displayed in a Gaussian distribution.   
b Inverse modeling results of electrical resistivity (ER) profiles.  Dashed lines represent 
segments where ER and EM data overlap  
To determine the configuration of the inferred saline plumes, ER surveys were 
conducted on the eastern sides of the saline lakes where EC values were anomalously 
high.  Inversion of ER data collected near the saline lakes required 3-8 iterations and had 
root mean square (RMS) errors of 4 to 7%.  Forward modeling and sensitivity analysis 
indicate that the patchy distribution in resistivity is an inversion artifact due to juxtaposed 
high resistivity values from dunes and low resistivity values from saline shores and 
plumes.  Dashed lines in Fig. 5 indicate segments where the ER profiles roughly coincide 
with the EM plots.  The decrease in resistivity from 300 ohm-m at the dune surface to 
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less than 100 ohm-m at elevations of about -10 m along survey lines AA’, BB’, and CC’ 
is consistent with the high EM conductivity ratios > 1.3, which indicate that EC increases 
with depth. On the southeast sides of Wilson and Alkali Lakes, EM conductivity ratios 
are closer to 1, and the ER profiles, AA’ and CC’, show uniformly low resistivities.  East 
of Lake R1, EM conductivity ratios are close to 1 but show some variability.  Likewise, 
ER line DD’ does not show strong contrast in resistivity with depth for depths of 0 to -10 
m. 
 
 
Fig. 6 a Map of EM11,160Hz/EM63,030 Hz conductivity ratios around the freshwater 
lakes in Garden County, Nebraska Sand Hills (base map from Farm Service Agency, 
USDA 2007, photograph taken 27 June 2006); color scale displayed in a Gaussian 
distribution. b Inverse modeling results of electrical resistivity profiles 
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For the freshwater lakes, two ER survey lines were selected in areas with high EC 
anomalies and one line with low EC anomaly (Fig. 6).  The ER surveys were at an 
elevation closer to the lake and had RMS errors of less than 2%.  The EM conductivity 
ratio near EE’ is greater than 1 and the ER profile shows a fairly uniform resistivity 
distribution with a more resistive layer over more conductive material.  Near ER lines 
FF’ and GG’, the EM conductivity ratio is 0.7 to 0.9, which indicates lower EC with 
depth.  This pattern is consistent with the increase in ER values downward below the 20 
to 30 ohm-m in the upper 5 m of the profile. 
Discussion 
EC anomalies at the eastern and southern sides of the saline lakes may be due to 
saline plume-associated flow from the saline lakes down the regional groundwater 
gradient (Fig. 2; also see Olaguera 2007, p. 63 Fig. 3-15). Horizontal head gradients on 
the order of 0.1% move the saline plumes toward the eastern to southeastern side of the 
lakes.  Vertical convective flow of saline plumes such as geophysically documented in 
the Okavango delta (Bauer et al. 2006) and Arabian sabkha (Van Dam et al. 2009) were 
not observed in these lakes.   Average EC values around the freshwater lakes were only a 
third of those measured around the saline lakes.  A northwest-southeast trending axis of 
relatively high EC anomalies in this freshwater environment is attributed to the presence 
of fine sediments, because EC increases with decreasing grain size (Aristodemou and 
Thomas-Betts 2000). The trend of EC anomalies coincides with the axis of the 
paleovalley in Figure 2 identified by Loope et al. (1995).  In some cases, traces of 
elevated groundwater salinity occur upgradient from the lakes. 
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On the plots of average EC around the lakes, areas of high average EC correspond 
to areas of high EM conductivity ratios (>1.3) around the saline lakes; areas of high 
average EC correspond to lower ratios (0.7-0.9) around the freshwater lakes.  EM 
conductivity ratios >1.3, which indicate an increase in EC with depth, are interpreted as 
unsaturated dune sand overlying saline groundwater at distances of 400 to 450 m in AA’ 
and 210 to 280 m in CC’.  In BB’, to the east of Alkali Lake, unsaturated dunes overlie 
fresh groundwater.  As the inferred near-surface salinities increase closer to Wilson Lake 
and southeast of Alkali Lake, the conductivity ratio approaches unity (290 to 400 m in 
AA’ and 140 to 210 m in CC’).  Further southwest on line CC’, from 80 to 140 m, the 
increase in EM conductivity ratio (>1.3) is interpreted as freshwater overlying saline 
groundwater.  Around the freshwater lakes, lower EM conductivity ratios (0.7-0.9) along 
the axis of the paleovalley, in FF’ and GG’, are interpreted as indicating an increase in 
grain size with depth. 
Conclusions 
An FDEM survey is an efficient reconnaissance method for mapping EM ground 
conductivities to guide subsequent and more detailed ER surveys.  Use of an ATV for 
towing the GEM-2 enhanced the efficiency of the reconnaissance survey, allowing more 
than 25 km of EC profiles to be collected daily.  For the saline lakes, high EC anomalies 
are clustered on the eastern and southeastern shores, consistent with the direction of 
regional groundwater flow.  For the freshwater lakes, EC anomalies coincide with the 
axis of a paleovalley.  Average EC simply shows clustering of high EC anomalies on the 
shores of both freshwater and saline lakes, but the ratios of the EM conductivities were 
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used successfully to discriminate between increasing or decreasing EC with depth 
patterns.   
Resistivities from inversion of the ER profile data are consistent and 
complementary to the conductivities measured in the EM surveys.  The combined and 
sequential use of the FDEM and resistivity methods proved effective for initial 
characterization of subsurface EC for this study site.  The GEM-2 identified conductive 
zones around the lakes that were targeted for further investigation with the resistivity 
methods. Although the GEM-2 methods could estimate the shallow distribution of EC, 
the resistivity method penetrated deeper into the aquifer. The efficacy of this geophysical 
approach is attributed to: (1) noticeable contrast in electrical conductivity between 
freshwater and saltwater, (2) near-surface location of the freshwater/saltwater interface 
(depth of less than 20 m), (3) minimum cultural interference, and (4) relative 
homogeneity of the aquifer materials.   
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Abstract  
Hydrodynamic conceptual models developed over the past 30 years indicate that 
advection, dispersion, and convection occur in different lake flow regimes.  Commonly, 
lakes are classified as discharge and flow-through in semi-arid climate.  Few detailed 
field studies document the validity of these conceptual models because of the difficulty of 
studying the subsurface and the prohibitive cost of instrumenting large lake systems.  In 
the semi-arid Western Nebraska Sand Hills, shallow plumes from saline lakes 
discharging into the relatively homogenous and fresh groundwater aquifer serve as a 
unique and excellent tracer for studying lake-aquifer interactions.  This study aims to 
determine lake flow regimes using saline plume as a natural tracer, assess the validity of 
the flow regime classification, and determine the mechanisms of lake-aquifer solute 
exchange in a group of saline and freshwater lakes in the Western Nebraska Sand Hills.  
Using terrain analysis of digital elevation models, electromagnetic and resistivity imaging 
methods, hydraulic testing, and chemistry of lake and groundwater, a complex interaction 
of the lake-aquifer system displaying discharge and flow-through regimes was explored. 
The common classification of lakes underestimates the role of episodic free convection 
and overflow mechanisms controlling the salinity dynamics of these lakes.  While the 
conceptual models were useful for investigating regional scale interactions, complexities 
at the field-scale increase even in the relatively homogenous sand grains of the Nebraska 
Sand Hills.  Mechanisms that affect lake-aquifer interactions in the study site are 
advection, dispersion, free convection, surface runoff, and eolian transport.   
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1.  Introduction 
Endorheic saline lakes are common in semi-arid environments around the world, 
yet, their interaction with the groundwater is still poorly understood [Zekster, 1995; 
Cohen, 2003].  Often recharged by groundwater, these lakes are sensitive to changes in 
climate and the regional water balance.  Understanding the interconnections between 
surface water and groundwater, which affect not only lakes but also streams, wetlands, 
and seacoasts [Winter, 1999] is important as societal concerns and transboundary disputes 
on water availability and quality increase [Bennett, 2000; Kliot et al., 2001; Jarvis et al., 
2005]. 
Hydrodynamic steady-state models on lake-aquifer interaction [Winter, 1976; 
Nield et al., 1994; Townley and Trefry, 2000; Zlotnik et al., 2009] exist but because of the 
difficulty of instrumenting a large area, attempts at quantifying lake-aquifer interaction 
are few.  Smerdon et al. [2007] numerically simulated lake level fluctuations using water 
level observations and hydraulic parameters.  Turner and Townley [2006] simulated 
solute balance using hydrochemical and environmental isotopes.  Both studies show the 
difficulty of quantifying water and solute balances in lake-aquifer systems and 
determining a priori the flow regime of a lake without extensive observations. 
 
2. Objectives 
The objectives of this study are to determine lake flow regimes using saline 
plumes as a natural tracer, assess the validity of advection-based flow regime 
classification, and determine the leading mechanisms of lake-aquifer solute exchange in a 
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group of saline and freshwater lakes in the Western Sand Hills.  Our methods combine 
the use of terrain analysis of digital elevation models (DEM), electromagnetic and 
resistivity imaging geophysics, hydraulic testing, and chemical analysis of major-ions of 
lake water and groundwater.   
 
3.  Lake classification and hydrodynamic models 
3.1  General lake classification 
Groundwater-lake interaction falls under three flow categories [Born et al., 1979; 
Winter et al., 1998]:  1) flow-through, when a lake receives groundwater through part of 
its bed and loses groundwater through other parts; 2) discharge, when the lake receives 
groundwater through its entire bed; and 3) recharge, when the lake loses water through its 
entire bed.  Hydrodynamic models show that lake salinity is controlled by solute mass-
balance of inseepage and outseepage.  Outseepage in flow-through regimes results in 
fresher lakes (Figure 1a), while lakes with the low or no outseepage become solute traps 
(Figure 1b).  In semi-arid climates, recharge regimes in lakes are generally not 
considered; however, there are instances where playas, but not lakes, act as areas that 
focus recharge [Scanlon and Goldsmith, 1997].    
 
3.2  Hydrodynamic models based on advective solute transport  
Hydraulic principles dictate the flow of solutes and water between lake and 
aquifer.  An understanding of hydrodynamic models is essential for studying lake-aquifer 
dynamics.  The seminal work of Winter [1976, 1978, 1981] on simulating lake and 
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aquifer interactions showed the importance of topography and groundwater mounds on 
the movement of lake water through the lake bed and into the aquifer.  In aquifers where 
regional flow systems develop, water moving slowly through long flow paths is likely to 
have higher TDS [Toth, 1963].  Examining groundwater-dominated lakes in 
topographically closed basins, Wood and Sanford [1990]  and Sanford and Wood [1991]  
developed a solute mass-balance model that described how lake-aquifer fluxes affect lake 
chemistry composition and dynamics (Figure 1a).  Assuming a steady state lake balance, 
they showed that the ratio of the groundwater and lake concentrations (Cin/Cout) is 
dependent on the inseepage to outseepage ratio (Qin/Qout).  For a topographically closed 
basin in steady state and on centennial and millennial scales, 
 Qin - Qout = P – E,     (1) 
where E is evaporation and P is precipitation, and  
Cout = Cin(Qin/Qout).    (2) 
For the case when 0≈outQ , Zlotnik et al. [2010] showed that  
t
V
QC
C ininlake ≈ ,    (3) 
where V is lake volume and t is time. 
Nield et al. [1994] and Townley and Trefry [2000] investigated water-balance 
models of lakes that were embedded in an aquifer.  By using seven non-dimensional 
parameters, they presented a classification of lake-aquifer water fluxes.  Later, Smith and 
Townley [2002] modified this classification.  Zlotnik et al [2009] developed a simpler 
criterion for discriminating lake flow regime by comparing the regional head gradient 
with the local vertical head gradients near the lake.  Except for Turner and Townley  
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Figure 1.  Groundwater-lake flow regime:  a) flow-through and b) discharge.  Qin is the 
inflow of fresh groundwater with concentration Cin, and Qout is the outflow rate with 
elevated lake concentration Cout= Clake. Figure modified from Townley and Trefry 
[2000].   
 
[2006] however, these classifications have not been used for analyzing the dynamics of 
lake salinity.  Transient solute exchange between aquifer and lakes is still in the stage of 
development. 
 
3.3  Hydrodynamic models based on free convection 
 The above models ignored solute variable density and only considered advective-
dispersive mechanisms for lake solutes that escape to the groundwater.  Natural free 
convection produced by differences in solute concentration and temperature has been 
known to cause fingering of denser saline water overlying the less dense groundwater.  
Wooding et al. [1997] found that instabilities may arise when the Rayleigh number (Ra) 
criterion 
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q
K
Ra ρ
ρρ )( −=       (4) 
exceeds 5.8.  Here, as formulated by Bauer et al. [2006], GWρ  and Lρ  are the fresh 
groundwater and lake water densities, respectively; K is hydraulic conductivity of the 
lake bed sediments; and q is the upward groundwater flow velocity.  Although the 
existence of free convection is well known, only recently have field investigations been 
able to provide evidence of this phenomenon using the electrical resistivity imaging 
technique [Bauer et al., 2006; Stevens et al., 2009; Van Dam et al., 2009].   
 
3.4  Eolian transport  
The deficit of salt mass in terminal lakes compared to the incoming solutes from 
surface runoff led Langbein [1961] to hypothesize the importance of eolian transport of 
salts from lakes.  Wood and Sanford [1995] studied the role of eolian processes 
associated with saline lakes by conducted a mass balance analysis.  Salt efflorescences 
and crusts are common in wetlands and saline lakes in western Nebraska [Joeckel and 
Ang Clement, 2005].   Numerous anecdotal accounts of dust clouds originating from 
lakes exist [Gosselin, 1997; Joeckel and Ang Clement, 2005] but assessment of this non-
hydraulic mechanism on lake salinity is still poorly quantifiable. 
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4.  Field Site 
4.1  Nebraska Sand Hills 
The Nebraska Sand Hills, encompassing approximately 54,000 km2, is the largest 
stabilized dune field in the Western Hemisphere.  Although situated in a semi-arid 
environment where annual potential evapotranspiration (~155 cm) exceeds precipitation 
(~43-58 cm) [Wilhite and Hubbard, 1998], a significant fraction of precipitation (~5-7 
cm) [Rahn and Paul, 1975] may drain through the highly permeable dune sands and 
recharge the Ogallala Aquifer.  The Sand Hills contains more than 1,600 permanent 
shallow lakes and ponds [Buckwalter, 1983], comprising 450 km2 in area [Rundquist, 
1983], and with a range of total dissolved solids (TDS) from 0.2 g/L to over 100 g/L 
[McCarraher, 1977; LaBaugh, 1986; Gosselin et al., 1994].  Evaporative concentration 
of fresh local groundwater (~0.3 g/L) is the main source of salinity in lakes [Gosselin et 
al., 1994].  The presence of numerous groundwater-fed interdune lakes in the Western 
Sand Hills is attributed to multiple blockages of the ancestral Blue Creek by encroaching 
dune sands [Loope et al., 1995; Mason et al., 1997].   Ong et al. [2010] attributed the 
clustering pattern of alkaline lakes to the Sand Hills Tableland, the low-sloping region 
underlying the Western Sand Hills.   
 
4.2 Lakes 
The study site includes saline and freshwater lakes in Garden County, Western 
Sand Hills (Figure 2).  The saline lakes are Alkali, Wilson, and two unnamed lakes, 
herein referred to as Rayleigh and Ohm.  The latter is a kidney-shaped lake connected by 
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a 500-m long natural channel to the southeast of Alkali Lake.  Alkali Lake was one of the 
hundreds of productive potash-producing lakes in the region that was pumped for its 
potash content during World War I [Hicks, 1921; Andersen, 2003].  The freshwater lakes 
include Gimlet and Mallard Arm, located adjacent to the headquarters of the Crescent 
Lake National Wildlife Refuge.  In 1982, a dyke was constructed to divide Gimlet Lake 
into two “chambers”.  Each chamber was cleaned by pumping lake water from one 
chamber to another.  A 26-m long well, locally called the “Geyser” and labeled as G11 in 
this paper, was installed on the northwestern edge of the lake to enhance seepage into the 
lake (per. comm. M. French, Crescent Lake National Wildlife Refuge personnel).  All 
lakes typically have depths < 1 m, pH ~9 to 10.5, and specific electrical conductivity 
(SEC) ranging from < 1 to 120 mS/cm (Table 1). 
 
4.3 Geomorphology 
Dunes at the field site are of the barchan type, with elevations 35 - 40 m higher 
than the lakes.  In this section of the Sand Hills, particularly in Sheridan and Garden 
counties, the small sand supply during dune building resulted in widely spaced barchan 
dunes [Swinehart and Diffendal Jr, 1998] and a higher density of interdunal lakes in the 
Sand Hills.  Gimlet Lake is located along the axis of a paleochannel directly up flow from 
the terminal dune dams that blocked Blue Creek [Loope et al., 1995; Ong et al., 2010] 
(Figure 2).   
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Table 1.  Lake dimensions and hydrochemical parameters measured from 2007 to 2010.   
*measurements made in this study; n.a. = data not available 
 
4.4  Sedimentology 
The dune sands are fine-grained, moderately well-sorted [Warren, 1976] and were 
deposited during periods of extensive eolian activity at 1.0–0.7 ka, 2.3–4.5 ka, and 9.6-
6.5 ka [Miao et al., 2007].  Sands grains are made up of 50-75% quartz, 14-34% feldspar; 
and 4-13% chert and rock fragments [Ahlbrandt and Fryberger, 1980; Baechtle and 
Whitmore, 2009].  The sands were derived primarily from unconsolidated alluvial sands 
that covered the present dune area.  The Holocene eolian sand deposits overlie a thin 
layer (< 1-25 m) of Quaternary and/or Pliocene alluvial sand and silt.  This sequence in 
turn overlies the Miocene Ogallala Group, which consists mainly of fine to medium sand 
with local carbonate cement [Swinehart and Diffendal Jr, 1998].  
Specific electrical conductivity 
(mS/cm)* Lake 
Ave. 
Depth 
(m) 
Area 
(ha) Average min max 
pH 
Alkali 0.5 48.7 63.1 ± 28.5 27.1 121.7 10.4 
Ohm 0.2 1.3 33.2 ± 19.2 15.2 82.1 n.a. 
Wilson 0.6 19.2 14.7 ± 8.9 5.37 33.5 9.87 
Rayleigh 0.2 4.4 70.4 ± 43.3 20.0 130.1 10.33 
Gimlet 0.9 24.5 0.719 ± 0.107 0.535 0.873 9.17 
Mallard Arm (big) ~0.2 4.9 0.6 n.a. n.a. n.a. 
Mallard Arm (small) ~0.2 1.7 1.62 n.a. n.a. n.a. 
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Figure 2.  Distribution of lakes in Garden County, Western Nebraska Sand Hills.  
Encircled are the study sites; saline and freshwater lakes to the west and east, 
respectively.  Total dissolved solids (TDS) data from McCarraher [1977] and Shinneman 
et al. [2010].  Regional groundwater map modified from University of Nebraska-Lincoln 
– Conservation Survey Division (2010).  Red dotted lines on the northwestern section has 
groundwater gradient ~ 0.0007 and to the southeast ~0.005.  Digital elevation model from 
Nebraska Department of Natural Resources – USGS [1998a; b; c; d; e; f]. Outline of the 
paleovalley from Loope et al. [1995].   
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4.5  Hydrogeology 
 Configuration of the regional water table in spring 1995 [University of Nebraska-
Lincoln – Conservation Survey Division, 2010] shows that the groundwater gradient is 
gentler, ~0.0007, on the northwestern section of Garden County and steeper ~0.005 on 
the southeast (Figure 2).   Most lakes have closed drainages while lakes currently with 
open drainages, as deduced from topographic maps [1986a; c; d], are found along two 
segments, Swan-Jones-Blue-Crescent and Perrin-Redhead-Upper Harrison.   
 Measurements of hydraulic conductivity (K) in the vadose zone in Sand Hills by  
Sweeney [1999], Goss and Zlotnik [2007], and Wang et al. [2008] have an average of ~ 7 
m/day and range from 0.3 to 6.6 m/day (Table 2).  The lower K values were obtained in 
the valleys and at shallower depths where soils have developed.  Extremely high K values 
were measured in areas with burrows [Goss and Zlotnik, 2007].  Using the direct push 
method, Zlotnik et al. [2007] measured aquifer K with an average of 5 m/day and range 
from 0.3 – 12 m/day at depths 1.5 to 12 m.  The relatively narrow range of K values 
reflects the well sorted nature of the eolian sand deposits.  Lake bed K measured by Ong 
and Zlotnik [2010] were two orders of magnitude smaller than K of the surrounding dune 
field. 
 
4.6   Hydrology 
Average annual precipitation at the Crescent Lake National Wildlife Refuge 
station from 1935 to 2010 is 44.8 cm, with maximum precipitation occurring in May 
[HPRCC, 2010a].  Average annual potential evapotranspiration (ET) from 1988 to 2009  
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Table 2.  Compiled lake bed and dune hydraulic conductivity (K) values in the Nebraska Sand Hills 
Source K (average) m/day 
K (Range) 
m/day 
Depth 
(m) Comments Method Area 
Sweeney [1999] 5.05 – 5.82 3.50 – 6.64 0.13-0.15 Dune (vadose zone) 
Constant-head 
permeameter 
Dune-sourced alluvial fans, 
Grant County,  
8.97 ± 1.75  Dune - lee side (vadose zone) 
6.95 ± 1.87  Dune - stoss side (vadose zone) 
Goss and Zlotnik 
[2007] 
 52.4 - 947 
0.1 – 1.30 
 
(average) 
Burrows in dune 
Air 
permeameter 
Gudmundsen Sandhills 
Laboratory, Central 
Nebraska Sand Hills 
 0.3 – 0.7 0.2 Wang et al. 
[2008]  1.2 – 1.4 2 
dune field 
(vadose zone) 
Constant-head 
permeameter 
Barta Brothers Ranch, 
Eastern Nebraska Sand Hills 
Zlotnik et al. 
[2007] 5.4 ± 4.9 0.3 - 12 1.52 -  11.9 
Lake vicinity 
(aquifer) 
Direct-push 
slug test 
(Geoprobe) 
Garden County, Western 
Nebraska Sand Hills 
Ong and Zlotnik 
[2010] 0.062 ± 0.011 0.037 - 0.094 0.47 - 1.13 Lake bed 
Constant-head 
injection test 
Alkali Lake, Garden County, 
Western Nebraska Sand Hills
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at Alliance West, a station included in the Automated Weather Data Network and ~50 km 
from the study area, is 178 cm and reaches its maximum in July [HPRCC, 2010b].  
Potential ET exceeds precipitation from April to October.  The high permeability of the 
dune sands, low precipitation, and high ET result in negligible overland flow [Gosselin, 
1997] and an annual recharge of approximately 5- 8 cm [Rahn and Paul, 1975]. 
 
5.  Methodology 
5.1  Terrain analysis 
Knowledge of groundwater flow directions is helpful in determining the direction 
of outseeping salt plumes and in locating strategic areas for performing geophysical and 
hydrogeological investigations.  The spring 1995 water table map from University of 
Nebraska-Lincoln – Conservation Survey Division [2010] was used for illustrating the 
regional groundwater direction (Figure 2).  Although a larger map scale of the water table 
was compiled by Olaguera [2007], a detailed field-scale water table map is unavailable 
for the study area.  Paleodrainages in the Sand Hills Tableland were partially covered and 
obscured but were not completely buried [Ong et al., 2010].  Due to dune blockage, the 
water table rose above the interdune depression where numerous lakes emerged [Loope et 
al., 1995].  Because the water table is often a subdued version of topography, terrain 
analysis can be used to determine the flood drainage of an area and provide some insight 
into the possible subsurface drainage network.  A terrain analysis of a 10-m digital 
elevation model (DEM) of the Sand Hills [Nebraska Department of Natural Resources – 
U.S. Geological Survey, 2010] was performed using TauDEM version 3.1 [Tarboton, 
2008].  This program contains a set of tools to fill depressions, compute the flow 
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directions, and delineate channel networks on a DEM.  This method was also used in 
Chapter 2 to derive the channel network draining the Sand Hills Tableland.  Larger DEM 
grid cells, 100 m to 2000 m, were used in Chapter 2 due to the coarser nature of the 
dataset as well as the need for limiting the maximum number of grids cells that were 
allowed by the computer program.  Differences in DEM resolution may lead to 
differences in the modeled channel networks and interpretation of the output drainage 
patterns should take into account these limitations.   
 
5.2 Geophysical methods for delineating saline plumes 
Resistivity, and its inverse, conductivity, can be used as a proxy for salinity 
[Paine et al., 2007; Hayley et al., 2009].  Frequency-domain electromagnetics (FDEM) is 
a non-intrusive technique that measures subsurface apparent electrical conductivity (EC) 
by using alternating electromagnetic (EM) fields to induce subsurface eddy currents 
[Ward and Hohmann, 1988].  The electrical resistivity (ER) method measures the 
subsurface resistivities by injecting current between two electrodes in direct contact with 
the earth.  Both geophysical methods were presented in Chapter 4 and were used to locate 
and determine the configuration of possible plumes discharging from saline lakes [Ong et 
al., 2010].   Here, we present an additional EM profile around the saline lakes at 
approximately 50 m away from the shore and 12 additional ER profiles.  Five profiles 
were surveyed using a single-channel resistivity unit, the DZD-6A (Beijing Orangelamp 
Co.) and seven other ER profiles were surveyed by Dr. Todd Halihan, Okalahoma State 
University, using an automated 8-channel resistivity meter, the SuperSting R8/IP 
(Advanced Geosciences, Inc.).  Apparent resistivity data measured by the DZD-6A and 
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SuperSting instruments were inverted using ProfileR [Binley, 2008] and a proprietary 
Halihan/Fenstemaker technique [Halihan and Fenstemaker, 2004], respectively. 
Time-domain electromagnetics (TDEM) is a technique in which EM fields are 
induced by a series of currents and measuring the subsequent decay response.  This 
technique is capable of deducing subsurface electrical conductivities at great depths 
[Nabighian and Macnae, 1991].  An 80-meter loop time-domain electromagnetic 
(TDEM) survey, centered on 42°4'17.4"N and 107°25'21.1"W, was conducted by the 
U.S. Geological Survey on 23 July 2008. 
 Wells were drilled in sites where the FDEM and ERI surveys show anomalies 
that may represent plumes emanating from the lakes.  Electrical logging using gamma, 
single point resistance (often referred to as resistivity) and spontaneous potential were 
measured in two wells (SE-W4B and ALK-W4 in Appendix 5b).    
 
5.3 Well installation and groundwater monitoring  
The configuration of the water table and spatial distribution of electrical 
conductivity (EC) and pH were determined by measuring water levels, EC, and pH from 
existing livestock wells and newly constructed wells and piezometers that differ in 
diameter, depth, screen length, and gravel pack.  Livestock wells were 10.8-cm in 
diameter, with depths ranging from 15 to 35 m.  Wells, with diameters of 5.1 and 10.8 
cm, were installed to depths of 10 to 31 m, respectively, using a rotary-type drilling rig.  
Piezometers, with diameters of 2.5 and 3.2 cm, were installed using a truck-mounted 
auger to a maximum depth of 8 m.  To determine the groundwater gradient and 
concentrations along and within the lake, two 5.1-cm diameter wells, A1 and A2, were 
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sunk to depths 1.2 and 1.6 m, respectively, along the lake shore after vibracores were 
extracted (Appendix 5c).  A 2.5-cm diameter piezometer, labeled J1, was also installed 2 
m deep into Alkali Lake (Appendix 5d).  A total of 40 wells and piezometers were 
monitored in the area of saline lakes and 11 piezometers in the area of freshwater lakes 
(Figure 3).  Details on well drilling methods, drill bit diameter, drill logs, and results from 
down-hole geophysics are presented in Appendix 5. Survey tie points and well elevations 
(Figure 3) were determined by the combined use of a real-time kinematic geodetic-grade 
differential GPS (Topcon Hyperlite) and a total station, model NTS302R+ (Orangelamp 
Co).  In the absence of geodetically established reference points, the GPS base stations 
were referenced to the 10-m grid digital elevation models (DEM) (Nebraska Department 
of Natural Resources - U.S. Geological Survey, 2008).   The referenced coordinate for the 
survey around the saline lakes is taken from the Bean Lake Quadrangle, Garden County 
and has coordinates x = 700073 m, y = 4631622 m, and z = 1175.915 m.  For the 
freshwater lakes, the reference coordinate was taken from Mumper Quadrant, Garden 
County and has coordinates x = 713048 m, y = 4626446 m, and z = 1163.414 m.  Both 
reference coordinates are in the Universal Transverse Mercator projection, zone 13.  
Maximum error of closure in the elevation survey was 3.2 and 2.3 cm in the area of saline 
and freshwater lakes, respectively.  Details on the coordinates of wells and tie points and 
well dimensions are compiled in Appendices 5 - 7).   
Water levels were measured using a 100-ft water level meter, Durham Geo Slope 
Indicator, with gradation of 0.01 ft.  Continuous measurements of groundwater level and 
temperature were collected at 2-hour intervals in six wells using four Solinst Levelogger 
Junior and two Schlumberger Micro-Diver that were barometrically corrected using a  
109 
 
 
 
Figure 3.  Distribution of piezometers, wells, and survey tie points around the saline and freshwater lakes, Garden County, Nebraska 
Sand Hills. Topographic maps from Bean Lake, Storm Lake, Crescent Lake, and Mumper 1:24,000 Quadrangles [USGS, 1986a; b; c; 
e].   
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Solinst Barologger Gold.  Alkali Lake’s level was monitored on the southwestern and 
southeastern edges of the lake using two HOBO water-level data loggers.   
Lake water levels were also measured using a staff gage referenced to the 
surveyed tie points.  Strong winds and waves, however, tilted or blew down 4 of the 5 
gages.  Groundwater maps were generated by manually interpolating water-level 
measurements referenced to mean sea level while considering the topography of the dune 
field. 
 
5.4  Evaluation of lakebed and aquifer characteristics 
Lake bed hydraulic conductivity (K) was measured using constant head injection 
(CHIT) tests and modified CHIT on permeameters as reported in Ong and Zlotnik [2010] 
in Chapter 3.  Additional K measurements are presented in this paper.  Pneumatic slug 
tests were performed using an In-Situ Level TROLL 700 with measurements at 0.25-sec 
interval on the six newly drilled wells.  Slug test data were analyzed using the method of 
Springer and Gelhar (1991) in AqteSolveTM, version 3.5.  . 
 
5.5 Water chemistry of groundwater and lakes 
Specific electrical conductivity (SEC), which is the EC corrected to 25°C, was 
measured using ATI Orion model 128 and YSI model 3000 T-L-C meters, with 3-m and 
100-ft cables, respectively.  pH was measured using a portable pH meter, Hanna model 
HI 98140.  EC and pH were measure in water samples that were collected using 3/8” and 
5/8” inner diameter GeoprobeTM tubing check valves.   
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Figure 4.  Location of water samples collected for chemical analysis in Garden County, Nebraska Sand Hills.  Base map from 
Nebraska Department of Natural Resources – USGS [1998a; c; f]. 
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Water samples from lakes, wells, and a creek were analyzed for major ion 
concentrations (Figure 4).  Samples were collected from 16 – 20 March 2009, 16 March 
2010, and 18 October 2010.  For the first set of groundwater samples, a REEL E-Z 
sampling system with a Grundfos BTI/MP1 controller was used for pumping 
groundwater at a rate of ~5 gpm.  SEC, pH, and temperature were monitored until nearly 
constant values were achieved before sampling commenced.  Cations were preserved by 
treating the water samples with acid and measured using the ARL-Fisons Spectraspan 
7 Direct Current Plasma (DCP) at Duke University.  Anions were measured using a 
Dionex IC DX-500 with CD-20 detector, a GP-40 pump and an AS-14 column, while K 
was determined by flame atomic absorption spectrometry at the Wetland Centre of The 
Nicholas School of the Environment, Duke University.  Total alkalinity was measured by 
titration with 0.02N HCl until reaching a pH of 4.5, using a YSI pH100 meter.  
Groundwater samples collected in 2010 using the GeoprobeTM tubing check valves were 
obtained from piezometers that were not purged.  Water samples (500-1000 mL) were 
collected in polyethylene bottles, stored at 4°C, and analyzed using a Dionex ICS-2100 
ion chromatography system at the Department of Earth and Atmospheric Sciences, 
University of Nebraska-Lincoln.  Alkalinity for the second set of samples was back-
calculated from the charge balance.  For the third set of samples, alkalinity was analyzed 
using the Hack Alkalinity Test Kit, model AL-DT.  Other parameters have not yet been 
analyzed.  Ion concentrations of the water samples were converted to their 
milliequivalents (meq) and plotted on Piper and Stiff diagrams to discriminate possible 
water types [Piper, 1944; Stiff, 1951].   
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6.  Results  
6.1  Terrain Analysis 
 The generated drainage map shows a dendritic pattern that drains into Blue Creek 
(Figure 5).  The drainage generally follows the western and northern paleochannels 
demarcated by Loope et al [1995] but misses the eastern bend in the area of the dune 
dams where sand accumulation is thicker.  Lakes with low TDS <2 g/L are found on the 
southeastern section of the map, where water table gradients are steeper.  Except for 
Perrin Lake, open lakes have TDS < 3 g/L.  Lakes with high TDS (> 3 g/L) are found in 
areas with low water-table gradients, except for Heskett, Rush, and Smith Lakes.  In the 
study region covering the saline lakes, the drainage map suggests that groundwater 
seeping into Alkali Lake comes from the west, north, and east and outflows to the 
southeast. 
 
6.2 Saline plumes 
Two continuous apparent EM conductivity profiles were collected about ~1 and 
50 meters from the shores of the saline lakes (Figure 6).  The inner loop shows high 
average apparent conductivities, ranging from 50 to 300 mS/m, along the eastern to 
southeastern sections of all lakes.  The outer loop generally has apparent conductivities 
between 20 to 50 mS/m, with sections along dune slopes that are < 20 mS/m due to the 
thicker sand deposits.  Relatively higher apparent conductivities (40 – 50 mS/m) are 
found on the eastern sections of Alkali and Wilson Lakes.   
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Figure 5.  Distribution of lakes in Garden County, Western Nebraska Sand Hills.  
Encircled are the study sites; saline and freshwater lakes to the west and east, 
respectively.  Total dissolved solids (TDS) data from McCarraher [1977] and Shinneman 
et al. [2010].  Regional groundwater map modified from University of Nebraska-Lincoln 
– Conservation Survey Division [2010].  Blue lines represent the modelled flood drainage 
using TauDEM 3.1 [Tarboton, 2008] on a 10-m grid digital elevation model [Nebraska 
Department of Natural Resources - U.S. Geological Survey, 1998a; b; c; d; e; f].  Outline 
of the paleovalley from Loope et al. [1995].   
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Figure 6.  Average subsurface electrical conductivities and inverse modeling results of electrical resistivity profiles around saline 
lakes in Garden County, Nebraska Sand Hills. Air photo taken on 27 June 2006 (Farm Service Agency-USDA, 2007). 
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ER profiles AA’, EE’, and FF’ on the southwestern, northwestern, and northern 
side of Alkali Lake have resistivity values ranging from 40 to 160 ohm-m to depths of 40 
m.  Similar to these are profiles GG’ and II’, except that for GG’ a 20 to 24-ohm-m layer 
is found a few meters from the surface, and for II’ a highly resistivity layer (~200 to 600 
ohm-m) is located near the surface.   Three ER lines were surveyed along the stoss 
(windward)  side of the barchan dune to investigate possible subsurface flow of saline 
lake water from Wilson to Alkali Lake.   Profile BB’ shows a 5-m layer, with resistivity < 
5 ohm-m, that tapers off to the northwest, with a length of at least 200 m long and located 
~5 m below the ground surface.  In profile CC, a 10-m resistivity layer (~200-600 ohm-
m) overlies a low resistivity layer (~16 ohm-m).  Down the dune slope and closer to 
Alkali Lake, the low resistivity zone is non-contiguous and distributed to the northwest 
and southeast of profile DD’.   
On the eastern side of Alkali Lake, HH’ has a concave-shaped low resistivity 
zone, ~15-20 m thick, that surfaces on the northern and southern segments of the profile. 
Patches with < 5 ohm-m are found with the curved zone.  From the curved zone, 
resistivity values increase with depth from ~40 to ~100-200 ohm-m and towards the 
surface its value is > 400 ohm-m.  Line JJ’ at the southeastern shore of Alkali Lake has a 
profile similar to GG’ but has a low resistivity conduit, < 5 ohm-m, that leads to Ohm 
Lake.  Further southeast and perpendicular to the conduit, KK’ shows a profile similar to 
JJ’ but with a deeper and more diffused low-resistivity zone.  Finally, profile LL’, located 
south of Ohm Lake, shows a low resistivity zone, < 5 ohm-m, that extends downward to 
depths ~20 m and laterally ~200 m.  Modeled resistivity values below this low-resistivity 
layer needs to be interpreted with caution and may be an inversion artifact as a result of 
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current focusing in the saline and conductive upper layer of the profile [Day-Lewis et al., 
2006]. 
Layered resistivity model results from the TDEM survey (per. comm. Bruce 
Smith, USGS, 2010) show three layers with decreasing resistivity values (Table 3).  The 
corresponding rock group and environment of deposition for each layer were interpreted 
and taken from the stratigraphic and core logs of Swinehart and Diffendal Jr [1998] and 
Swinehart [unpublished data].   The top 40 m of the profile with resistivity value of ~60 
ohm-m represents alluvial sands and silts of the Ogallala Group and is underlain by a 
~250-m thick layer of eolian volcaniclastic siltstone belonging to the Brule Formation of 
the White River Group [Diffendal Jr et al., 1985] with resistivity ~ 40 ohm-m.  The 
Ogallala Group is coarser grained than the Brule Formation of the White River Group 
sediments, which has low permeabilities.  The lowest layer in the profile consists of 
marine clays from the Montana Group with low resistivity, 8 ohm.  These resistivity 
values are important in interpreting the ER profiles.   
 
Table 3.  Layered resistivity model from the time-domain electromagnetic survey 
between Wilson and Alkali Lakes, Garden County, Nebraska [per. comm. Bruce Smith, 
USGS] and their associated stratigraphy and environment based on drill logs [Swinehart, 
unpublished data]. 
Depth (m) Resistivity (Ohm-m) Stratigraphic Group Environment 
0.0 – 43.5 61.1 Ogallala alluvial 
43.5 – 292.8 41.5 White River Mostly eolian, alluvial 
292.8 – 325 8.2 Montana Marine 
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6.3  Water levels  
6.3.1  Well observations 
During the drilling of the monitoring wells and piezometers, very fine- to fine-
grained sands generally were observed to depths of 8m below the dune surface 
(Appendix 5).  Medium- to fine- and coarse-grained sands were found at depths of 30 m.  
In well ALK-W4 (Figure 3), located along the interdune valley, the Ogallala Group was 
encountered at a depth of 9 m (Appendix 5b).  The well was drilled to a depth of 26 m 
(85 ft).  At a depth of 15 m (50 ft), measurement of point resistance increased from 70 to 
100 ohm-m, spontaneous potential increased from 4150 to 4400 mV, and gamma values 
were highest at 550 cps.  The increase in point resistance and spontaneous potential may 
indicate a transition from saline to fresh pore fluid while a high gamma reading suggests 
the presence of clayey or shaley sands [Asquith and Krygowski, 2004].  At the time of 
drilling, this depth was interpreted as the base of the salt water plume.  The hole was 
backfilled from 15 to 26 m and screened from 9 to 15 m.  The initial SEC reading from 
this well on 24 July 2008 was 6.9 mS/cm.  Less than a month later, SEC dropped to 0.23 
mS/cm and remained low. 
Other unusual wells include SE-W2 and Ohm-W4 (Figure 3, well log in 
Appendix 5b and SEC profiles in Appendix 13b).  Groundwater in well SE-W2 has a 
dark organic brown color with SEC 3.2 mS/cm, which is consistently higher than the 
neighboring wells.  It was drilled through coarse-grained sand from depths 5-14 m and 
bluish sands with rootlets were found at depths ~8 – 11 m.  Ohm-W4 has the highest pH 
(9.96) and average SEC (5.8 mS/cm) in all wells.  Silt and sticky clays were encountered 
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at depths ~13 to 15 m, rootlets at depth 23 to 24 m, and swamp-like, reducing, smelly 
waters at around 12 and 24 m deep.    
 
6.3.2  Temporal Characteristics 
 Synoptic water level measurements from 40 wells and piezometers in the saline 
lakes area were collected nine times from 2008 to 2010 to determine the water table 
configuration (Figures 7; Appendix 9); around the freshwater lakes, 11 piezometers were 
measured eight times (Figure 8; Appendix 10).  Excluding the water level measurements 
from livestock wells that were affected by pumping, the average fluctuation in the water 
table around the saline lakes is 0.62 ± 0.20 m and ranged from 0.43 to 0.88 m.  Around 
the freshwater lakes, the average fluctuation in the water table is 0.75 ± 0.10 m and 
ranged from 0.61 to 0.94 m. 
Two nested wells, NW-W2, NW-W4 and SE-W2, SE-W4, with screens at depth 
~12 – 14 m and 24 – 30 m were installed ~750 m northwest of and ~500m southwest of 
from Alkali Lake, respectively (see Figure 3 for well locations and Appendix 5b for well 
details).  Time-averaged hydraulic gradient between the upper and lower wells was 
estimated as 
dt
zz
hh
Tdz
dh t
t lowerupper
lowerupper∫ −
−=⎟⎠
⎞⎜⎝
⎛ 2
1
1 ,   (5) 
where ⎟⎠
⎞⎜⎝
⎛
dz
dh is the time-averaged gradient;  hupper and hlower are the daily averaged water 
heads from the shorter and longer wells, respectively, that were collected by data loggers 
at 2-hr intervals; Zupper and Zlower are the elevations at the middle of the screens in  
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Figure 7.  Water level measurements around saline lakes in Garden County, Nebraska 
Sand Hills. 
 
 
Figure 8.  Water level measurements around the freshwater lakes, Garden County, 
Nebraska Sand Hills. 
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the deeper and shallower wells; t1 and t2 corresponds to the first and last date of reading 
of the data logger; and T = t2 – t1.  Equation (5) can be re-written as: 
( )dthh
zTdz
dh t
t
lowerupper∫ −=⎟⎠⎞⎜⎝⎛
2
1
 1 δ ,   (6) 
where zδ is the distance between the middle of the screen of the deeper and shallower 
wells.   Finally, Equation (6) is translated to its discrete form: 
( )∑ = −≈⎟⎠⎞⎜⎝⎛ Ni iloweriupper hhzNdzdh 1  , ,1 δ ,   (7) 
where N is the total number of measurements and index i gives the number of 
measurements.  Time series were processed using Matlab and included standard deviation 
of the time-averaged gradient. 
Using equation (7), the time-averaged hydraulic gradient between the deeper and 
shallower wells is 1.8 ± 0.1 cm and -0.6 ± 0.8 cm in the northwestern and southeastern 
wells, respectively (Figures 9 and 10, Table 4).  A shorter data record from July to 
October 2009 in well J1 (see Figure 4 for well location and appendix 5d for well details) 
shows that at 2 m below the lakebed, seepage is generally upward directed with a 
gradient of 1.4 ± 0.6 cm (Figure 11, Table 4).   
Comparison of all groundwater levels and temperature measured by data loggers 
is provided in Appendix 11 and lake level measurements are found in Appendix 12.  
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Figure 9. Water level characteristics in the northeastern wells:  top - daily averaged water levels; bottom - difference between NW-
W4 and NW-W2.  
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Figure 10.  Water level characteristics in the southeastern wells:  top - daily averaged water levels; bottom - difference between SE-
W4 and SE-W2. 
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Figure 11.  Water level characteristics in Alkali Lake:  top - daily averaged water levels; bottom - difference between groundwater 
and lake water levels. 
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Table 4.   Time-averaged hydraulic gradient computed from nested wells in and near Alkali Lake, Garden County, Nebraska. 
Well Observation period 
Top of  
casing  
elevation  
(m asl) 
Length  
of screen  
(m) 
Mid- point 
of screen 
(m asl) 
Distance 
between mid-
point of well 
screens, dz 
(m) 
Time-averaged  
head differences  
between wells,  
N
hhN
i lowerupper∑= −1  
(m) 
Time-averaged 
 hydraulic 
 gradient, 
⎟⎠
⎞⎜⎝
⎛
dz
dh  
NW-W2 08/15/08 –10/19/10 1178.241 9.6 1173.441
NW-W4 08/15/08 –10/19/10 1178.343 31.4 1162.643 10.80 0.200 ± 0.055 0.019 ± 0.005 
SE-W2 08/15/08 –10/19/10 1175.472 13.6 1168.672
SE-W4 
08/15/08 –10/19/10
1175.865 30.5 1160.615
8.06 -0.047 ± 0.061 -0.006 ± 0.008 
Alkali Lake 07/20/09 –11/1/09 1174.761 n.a. 1174.761
J1 07/20/09 –11/1/09 1175.781 0.30 1172.891 1.87 0.025 ± 0.012 0.014 ± 0.006 
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6.3.3  Spatial Characteristics 
A higher-resolution water table contour map in the vicinity of the saline lakes 
shows that groundwater flows northeast from Wilson to Alkali Lake, with gradient 
~0.0005, before following the southeastern regional groundwater flow direction, with a 
lower gradient ~0.0004 (Figure 12).  These gradients were computed based on the 
distance and elevation on the contoured water table map, as indicated by the arrows in 
Figure 11.  Due to the flattening effect of the elevation of the lake surface, however, 
hydraulic gradients are higher when computed from one lake to another; ~0.002 from 
Wilson to Alkali and ~0.0008 from Alkali to Rayleigh.  In the freshwater lakes, 
groundwater flows southeast with a gradient of ~0.005 (Figure 13).   
 
6.6 Evaluation of lakebed and aquifer hydraulic conductivity 
 K measurements of lake bed sediments at depths of 0.13 to 0.83 m range from 
0.01 to 0.45 m/day (Table 5, Appendix 14).  Note that K values in Gimlet Lake also fall 
within this range.  Interpreting the slug test data for the aquifer requires knowledge of 
aquifer thickness that is not constrained well at the site; thus, the data was analyzed by 
considering aquifer thicknesses 40 and 300 m to match the depth of the TDEM layered 
resistivity model (Table 3; Appendix 15).  Sensitivity analysis shows that difference in K 
values for the three aquifer thicknesses is less than 5% and is satisfactory for our study 
(Table 6).  Deeper wells (24 – 30 m) have higher K values (16 – 30 m/day); wells with 
depths 9 – 15 m have K ranging from 1.5 to 4.2 m/day.  Our measurements of dune K 
from 5-cm diameter wells, with 1.8-m long screens, were comparable to values  
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Figure 12.  Contour of average groundwater levels from 2008 to 2010 around saline 
lakes, Garden County, Nebraska Sand Hills.  Arrows indicate the magnitude of water 
table slope.   
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Figure 13.  Contour of average groundwater levels from 2008 to 2010 around freshwater 
lakes, Garden County, Nebraska Sand Hills.  Arrows indicate the magnitude of water 
table slope.   
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Table 5.   Estimates of lakebed hydraulic conductivity (K) using the modified constant-
head injection test. 
Lake No. of trials 
Depth range 
(m) 
Kv 
(m/day) CV (%) 
Gimlet (south) 16 0.20 - 0.48 0.108 ± 0.061 56.8 
Alkali (east) 24 0.37 – 0.58 0.034 ± 0.016 46.3 
Alkali 2008 (west) 6 0.22 – 0.51 0.034 ± 0.018 52.2 
Alkali 2008 (west) 6 0.21 – 0.50 0.053 ± 0.012 22.2 
Alkali 2008 (west) 8 0.20 – 0.49 0.079 ± 0.015 18.7 
Alkali 2008 (west) 6 0.21 – 0.50 0.118 ± 0.110 93.3 
Rayleigh (north) 5 0.56 – 0.83 0.054 ± 0.039 72.4 
Rayleigh (south) 5 0.37 -0.61 0.032 ± 0.008 25.3 
Wilson (east) 15 0.30 – 0.51 0.139 ± 0.144 104.1 
Wilson (north) 15 0.37 – 0.60 0.454 ± 0.185 40.7 
Wilson (south) 5 0.38 – 0.54 0.052 ± 0.007 13.4 
Wilson (southwest) 5 0.43 – 0.65 0.107 ± 0.085 79.4 
Ohm 5 0.13 – 0.25 0.0085 ± 0.005 59.5 
Mean 9.3 0.42 0.098 52.6 
Range 5 - 24 0.13 - 0.83 0.009 - 0.454 13.4 - 104.1
Standard Deviation 6.1 0.12 0.114 28.9 
 
Table 6.  Estimates of hydraulic conductivity from the pneumatic slug test. 
Well No. 
of 
trials 
Screen Depth 
(m below 
ground surface) 
K (m/day) 
Aquifer base 
= 40m 
K (m/day) 
Aquifer base 
= 80m 
K (m/day) 
Aquifer base 
= 300m 
SE-W2 3 11.9 - 13.7 4.2 ± 0.3 4.2 ± 0.3 4.2 ± 0.3 
SE-W4B 5 24.4 - 30.5 29.8 ± 2.4 28.9 ± 2.3 28.9 ± 2.3 
NW-W2 3 12.2 - 14.0 1.5 ± 0.1 1.5 ± 0.1 1.5 ± 0.1 
NW-W4 3 24.4 - 30.5 20.1 ± 1.7 19.3 ± 1.6 19.3 ± 1.6 
OHM-W4 3 18.3 - 24.4 16.2 ± 1.2 15.8 ± 1.2 15.8 ± 1.2 
ALK-W4 3 9.1 - 15.2 16.6 ± 1.6 16.4 ± 1.6 16.4 ± 1.6 
Mean 3.3 19.1 14.7 14.4 14.4 
Range 3-5 9.1 - 30.5 1.5 - 29.8 1.5 - 28.9 1.5 - 28.9 
Stand. Dev. 0.8 7.5 10.5 10.1 10.1 
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compiled in Table 2 that averaged from 5 to 9 m/day and ranged from 0.3 to 12 m/day for 
depths up to 12 m.  Measurements from the 10.8-cm diameter wells, with 6.1-m long 
screens, were 2 - 3 times larger than those reported in Table 2.  While larger K values at 
depth are a possibility, gravel packs around the longer screen could also have increased 
the K measurements.   
 
6.5  Chemistry of groundwater and lakes 
The distribution of SEC and pH from wells and piezometers was presented to 
show the parameter ranges and spatial patterns.  SEC ranged from 0.11 to 6.89 mS/cm in 
the area of the saline lakes and 0.14 to 1.63 mS/cm in the area of the freshwater lakes 
(Figures 14 to 16; Appendices 16 - 18).  The background SEC value of fresh groundwater 
is from 0.1 to 0.5 mS/cm.  pH in the area of saline lakes ranges from  7.25 to 9.96, and in 
the area of freshwater lakes, from 6.64 to 7.62 (Figures 17 to 19, Appendices 16 - 18).   
Highest values of SEC and pH in wells are found off the eastern and southeastern 
sides of the saline lakes (Figures 14 and 17).  Increasing SEC and decreasing pH values 
are distributed in a southeastern direction around the freshwater lakes (Figures 19 and 
20).   
Well A1, with a 1-m screen, was installed 1.22 m deep on the southwestern shore 
of Alkali Lake; on the northeastern  shore, well A2, with 0.8-m screen, was installed 1.65 
m deep (Figure 3,  Appendix 5c).  A1 has SEC 0.42 ± 0.11 mS/cm, while A2 has 7.52 ± 
2.94 mS/cm (Appendix 19).  Well J1 was installed 2 m deep into Alkali Lake (Figure 3, 
Appendices 5d and 19) and has SEC 29.03 ± 1.32 mS/cm, while the lake water  above it 
has SEC that seasonally varied from 21.7 to 121.7 mS/cm. 
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Figure 14.  Distribution of specific electrical conductivity in wells and lakes in Garden County, Nebraska Sand Hills. Topographic 
maps from Bean Lake, Storm Lake, Crescent Lake, and Mumper 1:24,000 Quadrangles [USGS, 1986a; b; c; e].   
132 
 
 
 
Figure 15.  Measurements of specific electrical conductivity from wells and peizometers 
around saline lakes, Garden County, Nebraska Sand Hills. 
 
 
Figure 16.  Measurements of specific electrical conductivity from peizometers around 
freshwater lakes, Garden County, Nebraska Sand Hills. 
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Figure 17.  Distribution of pH in wells and lakes in Garden County, Nebraska Sand Hills.  Topographic maps from Bean Lake, Storm 
Lake, Crescent Lake, and Mumper 1:24,000 Quadrangles [USGS, 1986a; b; c; e].   
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Fiugre 18.  pH measurements taken on 19 March 2009 from wells and peizometers 
around saline lakes, Garden County, Nebraska Sand Hills. 
 
 
Figure 19.  pH measurements taken on 21 March 2009 from peizometers around 
freshwater lakes, Garden County, Nebraska Sand Hills. 
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The distribution of SEC and pH in lakes is also shown in Figures 14 and 17.  SEC 
values of the saline lakes vary seasonally, reaching concentrations six times greater than 
their lowest values (Figure 20, Table 1; Appendix 17).  In the freshwater lakes area, SEC 
increases from 0.6 in Gimlet Lake to 1.6 mS/cm in the small Mallard Arm Lake.  All 
lakes have pH > 9.  Gimlet has the lowest pH (9.17) and Alkali Lake has the highest 
(10.4).  From Gimlet Lake, pH in the big and small Mallard Arms decreases to 8.5 and 
8.2, respectively.   
Water samples collected in March 2009 generally had good charge balance errors 
that were < ±6%.  Water sample from Alkali Lake, with salinity of 110 g/L, had the 
highest charge balance error (-15%), which is probably due to errors involved in diluting 
the highly saline solution.  A plot of the water samples on the Stiff diagrams shows that 
the groundwater is primarily dominated by Ca and HCO3, with minor Cl and SO4 content 
 
 
Figure 20.  Measurements of specific electrical conductivity of lakes in Garden County, 
Nebraska Sand Hills. 
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Figure 21.  Stiff diagram of groundwater and lake water samples collected in March 2009 and March 2010 (*) from Garden County, 
Nebraska.    
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 (Figures 21; Appendix 19).  Lakes are enriched in Na+K and HCO3 and depleted in Ca2+ 
and -24SO .   
Lake water levels rose by 0.25 m and 0.51 m in Ohm and Gimlet Lakes, 
respectively, from 17 March 2009 to 21 March 2010.  A plot of the major ion chemistry 
of lake water samples on a Piper diagram shows a consistent increase in Ca and decrease 
in Na + K during the wetter period in March 2010 (Figure 22).  Water samples from 
Gimlet Lake were consistently obtained on the northeastern side of the lake.  In March 
2010, Gimlet Lake had an SEC of 0.5 mS/cm and plotted on the fresh groundwater region 
on the Piper diagram, reflective of the strong groundwater seepage known to occur on the 
northern side of Gimlet Lake.   
A plot of all water samples shows two end members, the Ca-rich groundwater and 
the Na+K-rich lake water, connected by a linear mixing/evaporation line (Figure 23).  
The groundwater end member has SEC generally < 0.5 mS/cm and Ca > 50 mole % in 
cations.  The saline lake water end member has SEC > 10 mS/cm and Na+K > 95 mole % 
in cations.  Total alkalinity in the groundwater and lake water is greater than 75 mole % 
of anions.  Along the mixing line, the following wells are arranged in decreasing 
concentration from saline sources (i.e., lake water):  Ohm-W4, SE-W4, H04, SE-W2, 
Solar-E, and Alk-W4.  Samples from Crescent Lake and Blue Creek represent an 
evaporation trend of groundwater.  Although lake and groundwater chemistry from 
Sheridan County also have elevated total alkalinity, they generally differ from the waters 
chemistry of Garden County.  Except for Krause Lake, lakes analyzed by Gosselin et al.  
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Figure 22.  Piper diagram of water samples from lakes in Garden County, Nebraska, in 
March 2009 (dry, relatively low lake levels) and March 2010 (wet, relatively high lake 
levels). 
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Figure 23.  Piper diagram of lake water and groundwater samples from Garden County, 
Nebraska Sand Hills. 
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(1994) and Gosselin (1997) in Sheridan County, have Na + K > 98 mole % of the cations 
and HCO3 was generally > 50 mole % of all anions (Figure 24).  
 
 
 
 
Figure 24. Piper diagram of lake water samples in Sheridan County, Nebraska Sand 
Hills.  Data from Gosselin [1994] and Gosselin et al. [1997].  
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7.  Discussion 
7.1  Flow direction 
 Regional configuration of the water table in Garden County (Figure 2) flows in 
the southeastern direction and is consistent with the general flow direction in Gimlet, 
Alkali, Ohm, and Rayleigh Lakes (Figures 12 and 13).  Drainage derived from the terrain 
analysis of the DEMs (Figure 5), however, indicates possible inflows into Alkali Lake 
from the west, north, and eastern directions.  The field-scale water table map (Figure 12), 
contoured from water-level readings, confirms the northeastward flow of groundwater 
from Wilson to Alkali Lakes as indicated in the drainage derived from terrain analysis.   
Aside from the water table map, the nested wells, located northwest of Alkali 
Lake, showed a consistent upgradient of groundwater (Figure 9).  Wells A1 and A2, 
located along the eastern and western shores of Alkali Lake, and well J1, located in the 
lake, also consistently showed upgradient groundwater flow into the lake (Figure 4, 
Appendices 11 and 18).  The southeaster wells, however, were situated on a depression 
where focused recharge into the dune sand was occurring.  This is especially clear in the 
2010 record, where higher precipitation resulted in a downgradient groundwater flow 
(Figure 10).   
Geomorphic factors, such as paleochannels, have a significant influence on 
groundwater flow in the Sand Hills [Loope et al., 1995; Ong et al., 2010].  The derived 
drainage map shows possible flow paths that may also be influenced by paleochannels.  
Flow through Gimlet Lake is constrained by the tributary of the ancestral Blue Creek.  
Flow through Alkali Lake may also be influenced by paleochannels.  The northwest-
142 
 
 
southeast linear-trending conduit that connects Alkali to Ohm Lake could also be 
influenced by a paleochannel. 
 
7.2  Estimates of lake seepage 
Vertical Darcy velocity near Alkali Lake is computed by multiplying the time-
averaged hydraulic gradients derived in Table 4 with the K values in Table 6.  Because of 
the excessively high K value obtained from the 10.8-cm diameter wells, an average 
aquifer K of 5 m/day (Table 2) is used for the calculations (Table 7).   The NW wells 
show an upward directed flow of groundwater with a Darcy velocity of 9.3 ± 2.6 cm/day 
and on the SW wells, a downward flux at -2.9 ± 3.8 cm/day.  Daily discharge of 
groundwater into Alkali Lake is estimated at 1.3 ± 0.1 mm/day (0.48 m/year).   
 
 
Table 7.  Estimates of Darcy velocity 
  
Well/ 
Lake 
time-aveaged  
head differences 
between wells  
dh 
(cm) 
Distance 
between 
mid-point 
of well 
screens,dz 
(m) 
Time-averaged 
 hydraulic 
 gradient 
⎟⎠
⎞⎜⎝
⎛
dz
dh  
average 
Kv 
(m/day) 
Darcy velocity  
(m/day) 
NW-W2, 
NW-W4 0.200 ± 0.055 10.80 0.019 ± 0.005 5.0 0.093 ± 0.026 
SE-W2, 
SE-W4 -0.047  ± 0.061 8.06 -0.047 ± 0.061 5.0 -0.029 ± 0.038 
J1 and 
Alkali 
Lake 
0.025 ± 0.012 1.87 0.025 ± 0.012 0.098 0.0013 ± 0.001 
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7.3  Saline plumes  
Geophysical methods were used as proxies to invasive techniques in locating 
saline plumes.  The saline plumes serve as natural tracers to identify flow patterns and 
salt pathways from lakes and help determine the lake flow regime.  In Figure 6, high EM 
surface conductivities that coincide with low resistivity zones in the ER profiles represent  
saline plumes emanating from both saline and freshwater lakes.  Resistivity values from 
the inverted ER model profiles can be interpreted by applying Archie’s Law, which 
relates the ρo,  resistivity of a water filled formation, with ρw, resistivity of the pore water, 
through F, the formation resistivity factor [Asquith and Krygowski, 2004]: 
Fwo ⋅= ρρ         (8) 
There are various methods to obtain F, which is related to porosity, cementation, 
and varies with grain size, grain-size distribution, and tortuosity.  Using an average grain 
size (0.088 mm) for the Sand Hills [Zlotnik et al., 2007] and an empirically derived graph 
relating grain size and F for loose sands in California and The Netherlands (see Figure 
1.11 in Kirsch [2006]),  F ≈ 3.6.  Corresponding values of ρw and SEC for given ρo are 
presented in Table 8.  Fresh groundwater with SEC between 0.2 to 2 mS/cm would have 
an equivalent ρo ranging from ~20 to 200 ohm-m.  Waters with SEC > 2 mS/cm have ρo < 
20 ohm-m.  These values do not consider possible changes in subsurface lithology, non-
linearity of measured resistivity of highly saline solutions, and the presence of conductive 
mineral grains, such as clays, which limit the validity of Archie’s law.  Thus, the 
conversions are only estimated values for qualitatively interpreting the ER profiles.  ER 
profiles (Figure 6), together with information on the chemistry and groundwater flow  
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Table 8.  Approximate conversion from resistivity of water saturated aquifer ρo to 
resistivity of the pore water ρw, and specific electrical conductivity (SEC) of 
groundwater.   
ρo 
(Ohm-m) 
ρw 
(Ohm-m) 
SEC 
(mS/cm) Remarks 
0.3 0.08 120 Alkali Lake max salinity 
0.5 0.14 72  
1 0.28 36            Increasing salinity of groundwater 
2 0.56 18              
5 1.4 7.2  
10 2.8 3.6 slightly saline 
20 5.6 1.8 slightly fresh 
30 8.3 1.2  
40 11 0.90            Decreasing freshness of groundwater
50 14 0.72             
100 28 0.36  
200 56 0.18 fresh groundwater 
300 83 0.12            Decreasing moisture content 
400 111 0.09             
 
 
direction, are interpreted as follows, from AA’, encircling Alkali Lake, and ending at LL’ 
by Ohm Lake: 
 1)  Fresh groundwater flowing into Alkali Lake from the southwest, northwest, 
north, and northeast are depicted in profile AA’, EE’, FF’, GG’, and II’, respectively.  
Profile GG’ is located between two patches of wetlands/ponds that slightly salinized the 
top 1-2 m of this profile.  The top segments of Profile II’ show highly resistive portions 
of the dune.  Well A1, near profile AA’ and along the shore of Alkali Lake, shows a 
consistent upgradient in groundwater that has SEC of 0.4 mS/cm. 
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2)  Saline groundwater flows into Alkali Lake from Wilson Lake.  Profiles BB’-
CC’-DD’ shows a saline plume emanating from Wilson Lake and flowing into Alkali 
Lake.  The plume at BB’ is diluted at CC’ and becomes discontinuous towards DD’.  
Dilution of the plume from Wilson to Alkali Lakes is measured in two piezometers 
aligned perpendicular to these profiles.   From southwest to northeast, piezometers H03 
and H26 have SEC 0.810 and 0.779 mS/cm, respectively (Figure 4 and 14).  These values 
are > 50% higher than the background freshwater value, which range from 0.1 to 0.5 
mS/cm.   
 The plume emanating from Wilson to Alkali Lake is not restricted along the path 
to Alkali Lake.  In the 550-m long north-south ER profile, Line AA’ of Figure 5 in Ong 
et al. [2010], that passes through the southeastern end of profile BB’, the plume extends 
further into the stoss side of the barchan dune.  Well H03 with an SEC of 4.5 mS/cm and 
mixing chemistry signature (Figure 21, 23, and 25) indicates that the resistivity value in 
that profile is indeed a plume. 
3)  There are various interpretations to the curved low-resistivity zone in profile 
HH’: (1) a saline plume originating from pond P1 and flowing into Alkali Lake; (2) the 
curved structure represents a paleochannel; and (3) saline plumes may episodically flow 
eastward from Alkali Lake when the lake shrinks during dry periods.  Focused recharge 
in this hummocky area or intermittent pumping from well Solar-E may have broken the 
plume into patches.  Four wells in this site show a patchy SEC distribution.  The 
groundwater gradient in well A2, along the western shore of Alkali Lake, is consistently 
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Figure 25.  Stiff Diagram distribution of groundwater and lake water chemistry in Garden County, Nebraska Sand Hills.   Color of 
plots represents different concentration ranges.  Base map from Nebraska Department of Natural Resources-USGS [1988 a; c; f]
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upgradient with SEC ~8 mS/cm (Figure 4, Appendix 19).  Well H11 has an average SEC 
of 1.6 mS/cm (Appendix 16).  Well Solar-E has Na+K molar % slightly greater than its 
Ca content, indicating mixing of fresh groundwater with lake or pond water (Figure 21, 
23, and 25).  The enigmatic well Alk-W4, which had an SEC of 6.9 mS/cm that dropped 
to 0.23 mS/cm, is also found in this site.  Located within a small depression, focused 
recharge could have washed away the plume near this well.   
4)  Profiles JJ’ and KK’ show seeps of saline waters entering that 80-m wide 
channel that connects Alkali and Ohm lakes.  Surface saline waters from Alkali Lake 
reach Ohm Lake when lake level rises during wet years.  A higher salinity channel is seen 
at the surface of JJ’ and a more diffused plume in KK’.  Based on the stratigraphic 
correspondence to the TDEM modeled layered resistivity profile (Table 3), the 40 ohm-m 
section in profile JJ’ at depths 30 to 40 m below the surface is interpreted to be siltstone 
beds from the Brule Formation of the White River Group.   
 5)   In Profile LL’, a large plume, at least 200 m wide and 20 m thick 
appears to flow out on the eastern side Ohm Lake.  The dimensions of this plume, with a 
central tongue and body that laterally spreads at the bottom, is similar to the shape of the 
salinity plume that was modeled and observed by Bauer et al. [2006] in the Okavango 
Delta, Botswana.  Groundwater chemistry of well Ohm-W4 indicates that this feature is 
indeed a plume.  The well has pH 9.96, SEC 5.8 mS/cm, and is enriched in Na+K and 
depleted in Ca concentrations (Figures 21, 23, and 25).  The difference in ion distribution 
in Ohm-W4 in March 2009 and March 2010 (Figure 23) is probably due to differences in 
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sampling procedure.  In 2009, wells were purged and samples for cation analysis were 
preserved with acid while in 2010, wells were not purged and samples were not acidified. 
 
7.4  Assessment of lake flow regimes based on advection 
Assigning the average SEC values of lakes from Table 1 to Cout and typical 
groundwater concentration Cin = 0.2 mS/cm, the percentage ratio Qin/Qout is computed 
using equation 2 (Table 9).  As documented by the EM and ER surveys [Ong et al., 
2010], Gimlet with a low Qin/Qout ratio of 3.5, is a flow through lake.  Amongst the saline 
lakes, Wilson has the highest outseepage (Qin/Qout = 75) and also exhibits a flow-through 
regime as seen from ER profiles BB’-CC’-DD’ and elevated SEC in wells.  The 
hydraulic gradient from Wilson to Alkali is an order of magnitude higher than from 
Alkali to Rayleigh; thus, providing Wilson with a stronger flushing capacity.  The plume  
  
Table 9.  Evaluation of lake Qout/Qin ratio based on averaged specific electrical 
conductivity of lakes in Garden County, Nebraska. 
Lake 
Average Cout 
(mS/cm) 
Average Cin 
(mS/cm) 
Qin/Qout Qout/Qin 
 
Alkali 63 0.2 315 0.003 
Ohm 33 0.2 165 0.006 
Wilson 15 0.2 75 0.013 
Rayleigh 70 0.2 350 0.003 
Gimlet 0.7 0.2 3.5 0.29 
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emanating from Wilson Lake has a width of at least 400 m, extending out from the 
eastern to southeastern direction of the lake, and is the largest plume found in the area of 
the saline lakes.   
No observable plumes were found around Rayleigh Lake while a diffused plume 
signature with a length of about 200 m is found to the east of Alkali Lake.  The very high 
Qin/Qout (> 300) in both lakes strongly suggests that they are discharge lakes.  The 
dominance of inseepage in Alkali Lake is reflected in piezometer J1, which was installed 
at a depth of 2 m below the lake bed.   At this depth, piezometer J1 has SEC ~30 mS/cm, 
indicating that dispersion mechanism of removing salutes from the lake is insufficient to 
significantly counter the advective influx of fresh groundwater. 
Ohm Lake with Qin/Qout = 165 may be mistakenly classified as a discharge lake.  
Results from the EM-ER surveys and chemistry data from well Ohm-W4, however, show 
the presence of a saline plume and free convection occurring at Ohm Lake.  The plume is 
~160 m wide and ~10 m thick.  This appears to be a relatively big plume for such a small 
lake. 
 
7.5  Role of free convection 
Zlotnik et al. [2010] showed that the steady-state solute concentration needed for 
the onset of instability using measured lake bed K = 0.1 m/day and vertical upward-
directed flow velocity q = 1.4 mm/day in Alkali Lake is 114 g/L.  The possibility of free 
convection in Ohm Lake is investigated by performing a sensitivity analysis on the range 
of lakebed K, vertical inseepage q, and water densities measured from the lakes using 
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equation (4).  Lakebed K measured from the saline lakes range from 0.009 m/day at Ohm 
Lake to 0.45 m/day in the other lakes (Table 5).  q is taken from Table 7, 1.3 ± 0.1 
mm/day, and from the preliminary results of an energy and water balance study in Alkali 
Lake, where average daily inflow from July to September in 2007 to 2009 is estimated at 
2.2 to 2.8 mm/day [Ong et al., 2009].  Density of lake water samples from Alkali and 
Ohm Lakes and groundwater from WM-R with SEC 78.5, 15.2, and 0.179 mS/cm, 
respectively, and annual averaged lake and groundwater temperatures of 12.9°C and 
11.7°C, respectively, were calculated using PHREEQC version 2.17 [Parkhurst and 
Appelo, 1999].   
Analysis shows that for higher lake density, Lρ =1.06474 g/cm3, initiation of 
instabilities (i.e., Ra > 5.78) occurs when K > 100 m/day and q < 1 mm/day, and K > 10 
mm/day and q < 0.1 mm/day.  With  lower lake density, Lρ = 1.01344 g/cm3, instabilities 
occur when K > 100 mm/day and q < 0.1 mm/day.   Instabilities do not occur when K < 1 
mm/day and q > 0.1 mm/day. 
The salt plume at Ohm Lake is enigmatic.  How is it possible for Ohm Lake to 
generate a large plume when Alkali Lake, with more saline, higher lake bed K, and larger 
lake area (i.e., 37 time larger than Ohm Lake), does not generate any observable plume?   
Down flux of solutes from Ohm Lake would be made possible by the presence of a 
denser fluid at the surface, a weakened upward flux of groundwater, or a downward flux 
in groundwater.  There are two mechanisms for developing denser lake water:  1) Ohm 
Lake collects groundwater solutes from upward fluxes due to evaporation.  In dry years, 
when Ohm Lake turns into a playa, incidental rains wash salts locally back into the lake 
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bed and, through time, builds up salt concentration in storage beneath the lake. 2) Surface 
water from Alkali Lake spills to Ohm Lake at high stands in spring through the channel 
connecting both lakes, dumping ~105 kg of salt per event into Ohm Lake (1.3 ha area, 0.4 
m depth, at salinity 20 kg/m3).  The second option offers a more efficient means for 
accumulating salts although frequency of this event may not occur on annually.  Thus, 
although the capture zone of Ohm Lake is small compared to Alkali Lake, the channel 
allows Ohm Lake to capture about twice the annual salt influx accumulated in Alkali 
Lake, as presented in the next section.  Channel inflow from Alkali Lake into Ohm Lake 
was observed in spring 2010 and partially in 2009.  Active fluctuation of groundwater  
 
Table 10.  Sensitivity analysis for the initiation of density instability for two lake density 
values and combination of hydraulic conductivity K and upward groundwater inseepage 
q.  Critical Racritical > 5.78 is highlighted in bold. 
Lρ = 1.06474 g/cm3 at 12.9°C 
GWρ  = 0.99964 g/cm3 at 11.7°C 
Lρ = 1.01344 g/cm3 at 12.9°C 
GWρ  = 0.99964 g/cm3 at 11.7°C 
K 
(mm/day) 
q 
(mm/day) Ra 
K 
(mm/day)
q 
(mm/day) Ra 
100 3 2.17 100 3 0.46 
100 2 3.26 100 2 0.69 
100 1 6.51 100 1 1.38 
100 0.1 65.12 100 0.1 13.80 
10 3 0.22 10 3 0.05 
10 2 0.33 10 2 0.07 
10 1 0.65 10 1 0.14 
10 0.1 6.51 10 0.1 1.38 
1 3 0.02 1 3 0.00 
1 2 0.03 1 2 0.01 
1 1 0.07 1 1 0.01 
1 0.1 0.65 1 0.1 0.14 
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head gradient also occurs in the area of Ohm Lake.  The decrease and incidental 
inversions of vertical upward head gradients even in the presence of low K,  0.01m/day  
(Table 9), allows for free convection with a sizable downward component to occur.  
Fluctuations in head gradient provide better surface-groundwater connection and 
pathways of reflux of surface water to the aquifer. 
 
7.6  Flow regimes and other components of the lake salt balance 
Alkali Lake has a discharge flow regime with a large capture zone extending from 
Wilson Lake to its surrounding dunes and possibly beyond the pond and wetlands to the 
northeast.  The capture zone includes both fresh and saline inseepages.  Saline inseepages 
originate from Wilson Lake and a group of ponds, west and northeast, respectively of 
Alkali Lake.  Inseepage from the northwest to north is evident by the presence of the 
large meadow area.  Using a cone penetrometer, Ong and Zlotnik [2010] assessed that the 
southeast end of Alkali Lake has at least 1.8 m of soft sediments (i.e., mud).  This thick 
low-K sediment on the outflowing end of Alkali Lake may also be responsible for the 
lake’s discharge regime.  Extremely low water table slope ~ 0.0005 in this area prevents 
solutes from being flushed into the aquifer.  The total amount of salt mass M entering the 
lake each year is estimated as: 
ACqM in ⋅⋅= ,      (9) 
where q is the inseepage, Cin is the groundwater solute concentration, and A is the lake 
area.   Given a conservative inseepage of 0.5 m/yr carrying 0.2 g/L over an area of 50 ha, 
a total of 5 x 104 kg of salt enters the lake each year.  With an incomplete salt balance of 
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these lakes, we must not exclude the possibility of the least studied process that can 
strongly affect the dynamics of lake salinity, namely, eolian transport.  Emergence of salt 
crust is observed regularly along lake margins during early spring.  Numerous occasions 
of airborne dust have been observed in the area.  Although it is still difficult to determine 
the role of eolian transport in lake solute balance, our attempt to quantify it is given in 
Appendix 1. 
Wilson and Gimlet Lakes are flow-through lakes with higher hydraulic gradients, 
0.002 and 0.005, respectively.  The absence of thick low-K sediments on the eastern side 
of Wilson Lake may also have facilitated the outseepage of solutes.  Rayleigh Lake is still 
poorly understood.  A low water table slope may be responsible for the low flushing 
capability and consequently, higher evaporative salinization of the lake.   
 
8.  Summary and conclusions 
 Flow regime assessed by their saline plume configuration was conducted in a 
group of saline and freshwater lakes in the Western Nebraska Sandhills using the 
following methods:  1) terrain analysis of DEMs to determine possible channel networks; 
2) observations of hydraulic heads, SEC, and pH at different time scales; 3) geophysics to 
detect natural tracers; 4) hydraulic testing; and 5) water chemistry.   
 A summary of lake-aquifer parameters to assess lake flow regime is presented in 
Table 11.  The significance of the water table slope as a leading indictor for the ability of 
a lake to flush solutes or become a solute trap is clearly displayed by these lakes.  Gimlet 
and Wilson Lakes, with gradients 0.005 and 0.002, respectively, are both flow-through 
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lakes.  The Cin/Cout ratio of Gimlet Lake is 4 and 75 for Wilson Lake.  An order of 
magnitude drop in water table slope reduces the outseepage and allows lakes to trap the 
inseepage solutes.  Discharge regimes are displayed by both Alkali and Rayleigh Lakes.  
Surface inflow of highly saline waters from Alkali Lake provides an efficient means of 
transporting salt to Ohm Lake.  The plume depicted on the ER profile at Ohm Lake is 
most likely due to episodic free convection.  The complex flow dynamics at Ohm Lake 
could not be determined simply through observation of groundwater heads and lake 
salinity.  Combination of tracer detection, water chemistry, aquifer testing, and 
observation of groundwater heads were necessary to understand the complex flow 
dynamics in these lakes. 
The general classification of lake flow regimes by Born et al. [1979] and Winter 
et al. [1998] provides a useful framework for understanding the flow dynamics in areas 
where saline lakes cluster in the Sand Hills.  Townley and Trefry [2000] provide a set of 
mechanistic criteria that extensively discriminates flow regimes in steady-state systems 
but has several caveats.  Most critical is the oversimplification introduced by the box-
shaped watershed that ignores the shape of the water table and assumption of steady-state 
flow.  Contribution of lake salinity to the flow regime was also neglected.  The large 
number and types of required field parameters make it difficult to implement and 
complicate the analyses.  The important role of water table gradients, which is recognized  
as a leading factor that controls lake-aquifer exchanges in dune environments, was also 
not appreciated.  
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Table 11.  Summary of lake-aquifer characteristics. 
Lake 
Water 
table 
slope 
dh/dz Klake 
Darcy 
Vel. 
(mm/d) 
Plume in
out
C
C
 
Specific 
Elec. Cond. 
(mS/cm) 
pH Area (ha) 
Flow 
regime 
Alkali 
0.0005
to 
0.0008 
0.025 0.064 ± 0.036 +1.3 
Episodic (?) on 
eastern corner  
to none existent; 
width ~ 200 m 
thickness ~20 m 
315 63.1 ± 28.5 10.4 48.7 Discharge 
Ohm 
0.0005
to 
0.0008 
n.a. 0.0085 ± 0.005 n.a. 
Present 
width ~160 m; 
thickness ~10 m 
165 33.2 ± 19.2 n.a. 1.3
Episodic 
Free 
Convection; 
Surface 
inflow 
Wilson 0.002 n.a. 0.188 ± 0.181 n.a. 
Present 
width ~ 400 m  
thickness ~10 m 
75 14.7 ± 8.9 9.9 19.2 Flow-through 
S
a
l
i
n
e
 
Rayleigh  n.a. 0.043 ± 0.016 n.a. None 350 70.4 ± 43.3 10.3 4.4 Discharge 
F
r
e
s
h
 Gimlet- 
Mallard 
Arm 
0.005 n.a. 0.108 ± 0.061 n.a. 
Present 
width ~ 180 m 
thickness <10 m 
4 0.72 ± 0.11 9.2 24.5 Flow-through 
n..a. = data not available 
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Geomorphic factors are generally recognized to constraint the configuration of the 
water table and its accompanying hydrogeologic regime. An alternative approach in 
discriminating flow regimes by Zlotnik et al. [2009] is conceptually based on the ratio of 
the regional water table slope to the local gradient.  The latter is determined by the topo-
hydrologic offset (H).  While the concept is conceptually useful, obtaining H is difficult.  
Likewise, this model is also based on steady-state assumption.  
Although the classification of flow regimes assumes steady-state conditions, the 
actually condition represents only an instantaneous picture of the flow regime.  The real 
condition is transient and includes long "lethargic" periods [Nield et al., 2008] of lake-
aquifer exchanges and “rapid” episodic events that may cause sizeable perturbation in the 
lake-solute balance.  Episodic events, such as massive solute losses from lakes by free 
convection, overflow, and eolian processes during droughts, interfere with the steady-
state lake-aquifer exchange that may occur on a short time scale, e.g. year(s).  While 
changes in climate may not significantly vary on the average, dramatic changes may 
result in the lakes-solute balance from these episodic events. The resulting accumulation 
of solutes in the lakes over the centennial and millennial time scale is the sum of slow 
events and punctuated by relatively rapid but intensive changes. Thus, the approach of 
Zlotnik et al. [2009] may elucidate major regional trends but miss local variability in lake 
salinity.  
Existing steady-state advection-based hydrodynamic methods cannot fully predict 
specific lake salt balance because of the transient nature of lakes.  At the field-scale, only 
through extended observations can a lake’s solute balance elucidate the slow process of 
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lake evolution. Observation may require multi-annual and decadal time frames to capture 
periods of wet and dry years.  Investigations should include hydraulic and non-hydraulic 
mechanisms that control lake salinity.  Here, surface and subsurface advection, 
mechanical dispersion, and free convections are the main mechanisms. Non-hydraulic 
mechanisms related to eolian transport include mineral deposition on lake margins, dust 
deposition, lakebed erosion and deflation.  Because episodic and rapid changes might not 
occur during the feasible observation periods, analysis of sediments through age dating, 
diatom analysis, and chemistry, and investigation of subsurface plumes are useful for 
qualitatively inferring such changes. 
In summary, five mechanisms affect lake-aquifer interactions at various time 
scales (Table 11): 
1. Advection  
Advective accumulation of solutes from fresh groundwater is the dominant 
mechanism of lake salinization.  Inseepage into Alkali Lake is roughly estimated at 1.3 
mm/day (~0.5 m/year) (Section 6.7).  Based on purely advective consideration, the time 
needed to accumulate the present concentrations of Alkali Lake is on the order of 2,000 
years [Zlotnik et al., 2010].  Using volumetric inseepage and outseepage ratio of lakes as 
estimated from lake and groundwater SEC, Gimlet and Wilson lakes are flow-through 
lakes while Alkali and Rayleigh Lakes are discharge lakes (Section 7.3).  Saline plume 
emanating from Wilson Lake has width ~ 400 m and thickness ~ 10 m (Section 7.2). 
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2. Dispersion  
In Alkali Lake, SEC of groundwater, ~30 mS/cm, at a depth of 2 m below the 
lakebed is about half the average SEC of the lake (Section 7.3).  The immediate reduction 
in groundwater salinity at depth indicates that dispersion counteracts the advective influx 
of fresh groundwater but is insufficient to significantly reduce lake salinization.  A saline 
boundary layer exists beneath the lake. 
3. Free Convection 
Free convection is another mechanism that limits lake salinity. The ER profile 
shows a 160-m wide, 10-m thick plume at Ohm Lake and surface runoff (i.e., overflow 
from Alkali Lake) is attributed to incidental discharge of solutes with high concentration 
(Section 7.4).  The time scale at which this phenomenon occurs is unknown and the ER 
image simply captures the cumulative contribution of episodic free convection events. 
4. Surface runoff 
Episodic surface inflow of saline water from Alkali Lake during high stands 
efficiently transports significant amount of solutes into Ohm Lake where free convection 
may episodically occur.  Surface inflow from Alkali to Ohm Lakes was observed in 
spring 2010 and partially in 2009.   
5. Eolian transport of salt dust 
Emergence of salt crust along lake margins is regularly observed in early spring.  
Deflation of salt crusts through eolian transport may be an important component in the 
salt budget.  The potential of salt deflation by eolian transport is still a poorly quantifiable 
phenomenon and our attempt to address this component is presented in Appendix 1. 
159 
 
 
Acknowledgements 
This study was funded by NSF (EAR-0609982) and Nebraska Geological Society 
Yatkola-Edwards Research Grant (2008).  The author thanks Harry and Jean Younkin for 
access to Alkali Lake in the Nebraska Sand Hills, Mark Koepsel and Marlin French 
(Crescent Lake National Wildlife Refuge) for logistical support, Bruce Smith and Jason 
Payne (USGS) for providing the TDEM data, Steve Sibray (Univ. of Nebraska-Lincoln) 
for conducting the down-hole geophysics, Jim Swinehart (Univ. of Nebraska-Lincoln), 
Dan Ferdinand Fernandez (CGG-Veritas), and Elizabeth Francisco (Intrepid Potach, Inc.) 
for field assistance in conducting part of the ER surveys, Annie Xu (Beijing Orangelamp 
Co.) for assistance with the ER and total station instruments, Chris (Sartor-Hamann 
Jewelers) for providing the very fine blades that were used for making piezometer 
screens, Leny Galvez (Univ. of Nebraska-Lincoln) for making piezometer screen, Karl 
Baumgarden and Ron Pike (Univ. of Nebraska-Lincoln) for assistance in the machine 
shop, Matt Marxsen and Travis Porter (Univ. of Nebraska-Lincoln) for drilling advise, 
and Chad Schaack (Pioneer Well Drilling) for drilling our well in the Sand Hills.  The 
author is also grateful for the comments on this manuscript made by his graduate 
committee members at the Univ. of Nebraska-Lincoln: Drs. Vitaly Zlotnik, Sheri Fritz, 
and John Lenters, and Prof. Jim Swinehart.    
 
160 
 
 
References 
Ahlbrandt, T.S., and S.G. Fryberger (1980), Eolian deposits in the Nebraska Sand Hills, 
U.S. Geological Survey professional paper 1120A, 1-24. 
Andersen, C.D. (2003), The great WWI potash industry in Southern Sheridan County, 
Nebraska, 14 p.  http://www.sheridancountynebraska.com/history/POTASH.pdf.  
Retrieved 15 November 2010.   
Asquith, G., and D. Krygowski (2004), Basic well log analysis, 2nd ed., 244 pp., The 
American Association of Petroleum Geologists, Tulsa, Oklahoma. 
Baechtle, K.P., and J.H. Whitmore (2009), Characterization of sand in the Nebraska 
Sandhills, Geological Society of America Abstracts with Programs, 41(7), 119. 
Bauer, P., R. Supper, S. Zimmermann, and W. Kinzelbach (2006), Geoelectrical imaging 
of groundwater salinization in the Okavango Delta, Botswana, Journal of Applied 
Geophysics, 60(2), 126-141. 
Bennett, L.L. (2000), The integration of water quality into transboundary allocation 
agreements: Lessons from the southwestern United States, Agricultural 
Economics, 24(1), 113-125. 
Binley, A. (2008), ProfileR, 2-D Inversion of surface resistivity data, version 2.5, 
http://www.es.lancs.ac.uk/people/amb/Freeware/freeware.htm. Retrieved 1 Sept. 
2008. 
Born, S.M., S.A. Smith, and D.A. Stephenson (1979), Hydrogeology of glacial-terrain 
lakes, with management and planning applications, Journal of Hydrology, 43(1-
4), 7-43. 
161 
 
 
Buckwalter, D.W. (1983), Monitoring Nebraska’s Sandhills Lakes, Rep. 10, Conservation 
and Survey Division, University of Nebraska-Lincoln, Lincoln.  Nebraska, 42 p. 
Cohen, A.S. (2003), Paleolimnology, the history and evolution of lake systems, 500 pp., 
Oxford University Press. 
Day-Lewis, F.D., E.A. White, C.D. Johnson, J.W. Lane, Jr., and M. Belaval (2006), 
Continuous resistivity profiling to delineate submarine groundwater discharge--
examples and limitations, The Leading Edge, 25(6), 724-728. 
Diffendal Jr, R.F., J.B. Swinehart, and J.J. Gottula (1985), Characteristics, age 
relationships, and regional importance of some Cenozoic paleovalleys, Southern 
Nebraska Panhandle, Institute for Tertiary-Quaternary Studies Symposium Series, 
1, 21-32. 
Goss, D., and V.A. Zlotnik (2007), Air permeameter investigation of surficial dune 
structures in the Nebraska Sand Hills, AAPG Bulletin, 91(5), 645-652. 
Gosselin, D.C. (1997), Major-ion chemistry of compositionally diverse lakes, Western 
Nebraska, U.S.A.: implications for paleoclimatic interpretations, Journal of 
Paleolimnology, 17, 33-49. 
Gosselin, D.C., S. Sibray, and J. Ayers (1994), Geochemistry of K-rich alkaline lakes, 
Western Sandhills, Nebraska, USA, Geochimica et Cosmocimica Acta, 58(5), 
1403-1418. 
Halihan, T., and T. Fenstemaker. (2004), Proprietary electrical resitivity imaging method. 
2nd ed. Oklahoma State University Office of Intellectual Property, Stillwater, OK.  
 
162 
 
 
Hayley, K., L.R. Bentley, and M. Gharibi (2009), Time-lapse electrical resistivity 
monitoring of salt-affected soil and groundwater, Water Resources Research, 
45(7), W07425. 
Hicks, W.B. (1921), Potash resources of Nebraska, Contributions to Economic Geology, 
1920, Part I  (Bulletin 715-1), 125-139. 
High Plains Regional Climate Center, H. (2010a), Automated weather data network 
database, 1988-2009, potential evapotranspiration data, Alliance West Station.  
http://www.hprcc.unl.edu.  Retrieved 15 November 2010.   
High Plains Regional Climate Center, H. (2010), Crescent Lake National Wildlife 
Refuge, Nebraska, General climate summary - precipitation.  
http://www.hprcc.unl.edu/.   Retrieved 15 November 2010. 
Jarvis, T., M. Giordano, S. Puri, K. Matsumoto, and A. Wolf (2005), International 
borders, ground water flow, and hydroschizophrenia, Ground Water, 43(5), 764-
770. 
Joeckel, R.M., and B.J. Ang Clement (2005), Soils, surficial geology, and 
geomicrobiology of saline-sodic wetlands, North Platte River Valley, Nebraska, 
USA, Catena 61(1), 63-101. 
Kirsch, R. (2006), Groundwater geophysics, a tool for hydrogeology, 493 pp., Springer-
Verlag, Berlin Heidelberg. 
Kliot, N., D. Shmueli, and U. Shamir (2001), Institutions for management of 
transboundary water resources: their nature, characteristics and shortcomings, 
Water Policy, 3(3), 229-255. 
163 
 
 
LaBaugh, J.W. (1986), Limnological characteristics of selected lakes in the Nebraska 
sandhills, U.S.A., and their relation to chemical characteristics of adjacent ground 
water, Journal of Hydrology, 86(3-4), 279-298  
Langbein, W.B. (1961), Salinity and hydrology of closed lakes, Geological Survey 
Professional Paper, 412, 20p. 
Loope, D.B., J.B. Swinehart, and J.P. Mason (1995), Dune-dammed paleovalleys of the 
Nebraska Sand Hills: intrinsic versus climatic controls on the accumulation of 
lake and marsh sediments, Geological Society of America Bulletin, 107(4), 396-
406. 
Mason, J.A., J.B. Swinehart, and D.B. Loope (1997), Holocene history of lacustrine and 
marsh sediments in a dune-blocked drainage, Southwestern Nebraska Sand Hills, 
U.S.A., Journal of Paleolimnology 17, 67–83. 
McCarraher, D.B. (1977), Nebraska’s Sandhills Lakes, Nebraska Games and Parks 
Commission, Lincoln. 67p. 
Miao, X., J.A. Mason, J.B. Swinehart, D.B. Loope, P.R. Hanson, R.J. Goble, and X. Liu 
(2007), A 10,000 year record of dune activity, dust storms, and severe drought in 
the central Great Plains, Geology, 35(2), 119-122. 
Nabighian, M.N., and J.C. Macnae (1991), Time domain electromagnetic prospecting 
methods, in Electromagnetic Methods in Applied Geophysics, Vol. 2, edited by M. 
N. Nabighian, pp. 427-450, Society of Exploration Geophysicists, Tulsa, 
Oklahoma. 
164 
 
 
Nebraska Department of Natural Resources - U.S. Geological Survey (1998a), Tar Valley 
Quadrangle, 7.5 Digital Elevation Models -  10 meter U.S. Geological Survey, 
Menlo Park, CA. 
Nebraska Department of Natural Resources - U.S. Geological Survey (1998b), 
Richardson Lake Quadrangle, 7.5 Digital Elevation Models -  10 meter U.S. 
Geological Survey, Menlo Park, CA. 
Nebraska Department of Natural Resources - U.S. Geological Survey (1998c), Mumper 
Quadrangle, 7.5 Digital Elevation Models -  10 meter U.S. Geological Survey, 
Menlo Park, CA. 
Nebraska Department of Natural Resources - U.S. Geological Survey (1998d), Crescent 
Lake Quadrangle, 7.5 Digital Elevation Models -  10 meter U.S. Geological 
Survey, Menlo Park, CA. 
Nebraska Department of Natural Resources - U.S. Geological Survey (1998e), Storm 
Lake Quadrangle, 7.5 Digital Elevation Models -  10 meter U.S. Geological 
Survey, Menlo Park, CA. 
Nebraska Department of Natural Resources - U.S. Geological Survey (1998f), Bean Lake 
Quadrangle, 7.5 Digital Elevation Models -  10 meter U.S. Geological Survey, 
Menlo Park, CA. 
Nield, D.A., C.T. Simmons, A.V. Kuznetsov, and J.D. Ward (2008), On the evolution of 
salt lakes: Episodic convection beneath an evaporating salt lake, Water Resources 
Research, 44(2), W02439. 
165 
 
 
Nield, S.P., L.R. Townley, and A.D. Barr (1994), A framework for quantitative analysis 
of surface water-groundwater interaction: Flow geometry in a vertical section, 
Water Resources Research, 30(8), 2461-2475. 
Olaguera, F.O. (2007), Investigating factors affecting flow-through regimes of the 
Sandhills lakes, M.S. thesis, 107 pp, University of Nebraska-Lincoln, Lincoln, 
Nebraska. 
Ong, J.B., and V.A. Zlotnik (2010), Assessing lakebed hydraulic conductivity and 
seepage flux by potentiomanometer, Ground Water, doi:10.1111/j.1745-
6584.2010.00717x. 
Ong, J.B., J.D. Lenters, V.A. Zlotnik, and S. Jones (2009), An analysis of the energy, 
water, and salt balance of a saline lake in the Sandhills Region of semi-arid 
Western Nebraska (USA), AGU Fall Meeting Abstracts, 1022. 
Ong, J.B., J. Lane, V.A. Zlotnik, T. Halihan, and E. White (2010), Combined use of 
frequency-domain electromagnetic and electrical resistivity surveys to delineate 
near-lake groundwater flow in the semi-arid Nebraska Sand Hills, USA, 
Hydrogeology Journal, 18, 1539–1545. 
Ong, J.B., J.B. Swinehart, V.A. Zlotnik, J. Schmieder, and S.C. Fritz (2010), Evolution of 
lakes in the semi-arid Nebraska Sand Hills:  interaction of topography, climate, 
hydrology, and eolian transport, Geological Society of America Abstracts with 
Programs, 42(5), 621. 
Paine, J.G., H.S. Nance, E.W. Collins, and K.L. Niemann (2007), Quantifying 
contributions to stream salinity using electromagnetic induction and 
166 
 
 
hydrochemistry in a small Texas coastal-plain basin, Applied Geochemistry, 
22(10), 2207-2224. 
Parkhurst, D.L., and C.A.J. Appelo ( 1999), User's guide to PHREEQC (Version 2)—A 
computer program for speciation, batch-reaction, one-dimensional transport, and 
inverse geochemical calculations, U.S. Geological Survey Water-Resources 
Investigations Report 99-4259, 310 pp. 
Piper, A.M. (1944), A graphic procedure in geochemical interpretation of water analyses, 
Transactions - American Geophysical Union, 25, 914–923. 
Rahn, P.H., and H.A. Paul (1975), Hydrogeology of a portion of the Sand Hills and 
Ogallala Aquifer, South Dakota and Nebraska, Ground Water, 13(5), 428-437. 
Rundquist, D. (1983), Wetland inventories of Nebraska’s Sandhills Rep. 9, University of 
Nebraska-Lincoln, Lincoln. 
Sanford, W.E., and W.W. Wood (1991), Brine evolution and mineral deposition in 
hydrologically open evaporite basins, American Journal of Science, 291, 687-710. 
Scanlon, B.R., and R.S. Goldsmith (1997), Field study of spatial variability in 
unsaturated flow beneath and adjacent to playas, Water Resources Research, 
33(10), 2239-2252. 
Shinneman, A., D. Bennett, S. Fritz, J. Schmieder, D. Engstrom, A. Efting, and J. Holz 
(2010), Inferring lake depth using diatom assemblages in the shallow, seasonally 
variable lakes of the Nebraska Sand Hills (USA): calibration, validation, and 
application of a 69-lake training set, Journal of Paleolimnology, 44(2), 443-464. 
167 
 
 
Smerdon, B.D., C.A. Mendoza, and K.J. Devito (2007), Simulations of fully coupled 
lake-groundwater exchange in a subhumid climate with an integrated hydrologic 
model, Water Resources Research, 43(1), W01416. 
Smith, A.J., and L.R. Townley (2002), Influence of regional setting on the interaction 
between shallow lakes and aquifers, Water Resources Research, 38(9), 1170. 
Stevens, J.D., J.M. Sharp Jr, C.T. Simmons, and T.R. Fenstemaker (2009), Evidence of 
free convection in groundwater: Field-based measurements beneath wind-tidal 
flats, Journal of Hydrology, 375(3-4), 394-409. 
Stiff, H.A. (1951), The interpretation of chemical water analysis by means of patterns, 
Journal of Petroleum Technology, 3(10), 15-17. 
Sweeney, M.R. (1999), Dune-sourced alluvial fans in the Nebraska Sand Hills, Master's 
thesis, 76 pp, University of Nebraska-Lincoln, Lincoln. 
Swinehart, J.B., and R.F. Diffendal Jr (1998), Geology, in An Atlas of the Sand Hills, 
edited by A. S. Bleed, and C. A. Flowerday, pp. 29-56, University of Nebraska-
Lincoln, Lincoln. 
Toth, J. (1963), A theoretical analysis of groundwater flow in small drainage basins, 
Journal of Geophysical Research, 68(16), 4795-4812. 
Townley, L.R., and M.G. Trefry (2000), Surface water–groundwater interaction near 
shallow circular lakes: flow geometry in three dimensions, Water Resources 
Research, 36(4), 935-949. 
Turner, J.V., and L.R. Townley (2006), Determination of groundwater flow-through 
regimes of shallow lakes and wetlands from numerical analysis of stable isotope 
168 
 
 
and chloride tracer distribution patterns, Journal of Hydrology, 320(3-4), 451-
483. 
United States Geological Survey (1986a), Richardson Lake Quadrangle, Garden County, 
Nebraska USGS, Reston, VA. 
United States Geological Survey (1986b), Bean Lake Quadrangle, Garden County, 
Nebraska USGS, Reston, VA. 
United States Geological Survey (1986c), Crescent Lake Quadrangle, Garden County, 
Nebraska USGS, Reston, VA. 
United States Geological Survey (1986d), Mumper Lake Quadrangle, Garden County, 
Nebraska USGS, Reston, VA. 
United States Geological Survey (1986e), Storm Lake Quadrangle, Garden County, 
Nebraska USGS, Reston, VA. 
Van Dam, R.L., C.T. Simmons, D.W. Hyndman, and W.W. Wood (2009), Natural free 
convection in porous media: First field documentation in groundwater, 
Geophysical Research Letters 36(11), 1-13. 
Wang, T., V.A. Zlotnik, D. Wedin, and K.D. Wally (2008), Spatial trends in saturated 
hydraulic conductivity of vegetated dunes in the Nebraska Sand Hills: Effects of 
depth and topography, Journal of Hydrology, 349(1-2), 88– 97. 
Ward, S.H., and G.W. Hohmann (1988), Electromagnetic theory for geophysical 
applications, in Electromagnetic Methods in Applied Geophysics, Vol. 1, Theory, 
edited by M. N. Nabighian, pp. 131-311 Society of Exploration Geophysicists, 
Tulsa, Oklahoma. 
169 
 
 
Warren, A. (1976), Morphology and Sediments of the Nebraska Sand Hills in Relation to 
Pleistocene Winds and the Development of Aeolian Bedforms, The Journal of 
Geology, 84(6), 685-700. 
Wilhite, D.A., and K.G. Hubbard (1998), Climate, in An Atlas of the Sand Hills, edited by 
A. S. Bleed, and C. A. Flowerday, pp. 17–28, University of Nebraska, Lincoln. 
Winter, T.C. (1976), Numerical simulation analysis of the interaction of lakes and 
groundwater, U.S. Geological Survey Professional Paper, 1001, 45. 
Winter, T.C. (1999), Relation of streams, lakes, and wetlands to groundwater flow 
systems, Hydrogeology Journal, 7(1), 28-45. 
Winter, T.C., J.W. Harvey, O.L. Franke, and W.M. Alley (1998), Ground water and 
surface water a single resource, Circular 1139, 79 pp, U.S. Geological Survey  
Wood, W.W., and W.E. Sanford (1990), Ground-water control of evaporite deposition, 
Economic Geology, 85, 1226-1235. 
Wood, W.W., and W.E. Sanford (1995), Eolian transport, saline lake basins, and 
groundwater solutes, Water Resources Research, 31(12), 3121-3129. 
Wooding, R.A., S.W. Tyler, and I. White (1997), Convection in groundwater below an 
evaporating salt lake: 1. Onset of instability, Water Resources Research, 33(6), 
1199-2117. 
Zekster, I. (1995), Groundwater discharge into lakes: A review of recent studies with 
particular regard to large saline lakes in central Asia, International Journal of Salt 
Lake Research, 4(3), 233-249. 
170 
 
 
Zlotnik, V.A., F. Olaguera, and J.B. Ong (2009), An approach to assessment of flow 
regimes of groundwater-dominated lakes in arid environments, Journal of 
Hydrology, 371(1-4), 22-30. 
Zlotnik, V.A., N.I. Robinson, and C.T. Simmons (2010), Salinity dynamics of discharge 
lakes in dune environments: conceptual model, Water Resources Research.  
doi:101029/2009WR008999. 
Zlotnik, V.A., M. Burbach, J.B. Swinehart, D. Bennett, S.C. Fritz, D.B. Loope, and F. 
Olaguera (2007), Using direct-push methods for aquifer characterization in dune-
lake environments of the Nebraska Sand Hills, Environmental & Engineering 
Geosciences, XIII(3), 205-216. 
171 
 
 
CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
Assessing lake flow regimes in the Western Nebraska Sand Hills revealed the 
complex interaction between lakes and aquifer.  Different flow mechanisms (advection, 
dispersion, free convection, overland flow, and eolian transport) that control lake 
salinization were observed in a single group of lakes.  Although existing steady-state 
advective-based hydrodynamic models were helpful in providing a framework for 
understanding and discriminating lakes flow regimes, they failed to predict the transient 
nature of solute exchanges between aquifer and lakes.  At the field scale, complexities 
increase even in the relatively homogenous sands of the Nebraska Sand Hills.  There is a 
need to develop transient-based models to better understand lake-aquifer solute 
exchanges.   
Recommendations 
1. In conducting studies on lake-aquifer systems, it is important to estimate the 
extent of the capture zone and identify extraneous influences included within it.  
As a rule of thumb, the capture zone is estimated as twice the lake diameter [Hunt 
et al., 2003]. 
2. Because of the significant influence of paleochannels on the flow system, 
mapping not only saline plumes but also paleochannels may help give a better 
understanding of the groundwater flow paths.  Use of other geophysical methods, 
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such as seismic techniques, may help in mapping paleochannels and other 
subsurface structures.  
3. With the wealth of field information collected in this project, simulating the lake-
groundwater interaction using a lake hydrological package might offer new 
insights. 
4. Deploying vertical temperature sensors to monitor groundwater movement  
[Constantz, 2008] within the lake would help understand the flow dynamics of 
these lakes.  
5. Further studies in the field site include: 
a. Based on the groundwater map, the downsloping end of Alkali Lake is 
located to the southeast.  It would be interesting to see the flow dynamics 
in this area.  Thick deposits of lake mud also are found in this area, which 
could also be responsible for clogging the system.  Additional ER lines 
and piezometers would help understand the flow dynamics. 
b. The area of Ohm Lake appears to be the most dynamic part of the Alkali 
Lake system.  Installation of piezometers in this area may help understand 
the dynamics and timing of flow events. 
c. Down hole geophysics can be performed on six of the drilled wells.  The 
southeastern wells, SE-W2 and SE-W4, have high SEC with water 
chemistry indicating mixing with lake waters.  Is this site close to an old 
lake bed, or is the plume coming from Ohm’s Lake?  Well Alk-E is the 
enigmatic well that lost its salinity after a month.  Ohm-W4 is the closest 
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well to Ohm Lake.  Is the well receiving saline waters from the plume that 
emanated from Ohm Lake, as hypothesized, or is the well simply sitting 
on an old lake bed? 
d. There are 40 and 11 wells/piezometers in the Alkali and Gimlet areas, 
respectively.  Further chemical analysis of groundwater from these wells 
would help validate the interpretation of field data.  
e. Eolian transport of salt dust is an important component of the salt budget.  
Conducting an EM survey during the wet season might help quantify part 
of the salt budget.     
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Abstract  
Salt dust emissions from saline lakes occur as both natural and as 
anthropogenically induced processes. These dust emissions have become a matter of 
extensive research, such as in the case of Owens Lake, California, where dust emissions 
have caused environmental disasters.  In less arid climates, these emissions remain 
ubiquitous but are less intense. Using opportune conditions at the groundwater-fed saline 
lakes of Nebraska Sand Hills in the U.S. Midwest, the potential for dust emissions was 
studied by measuring the mass of salt in the crust and substrate along lake shores, as well 
as dust on the surrounding dune field near Alkali Lake. These data, together with 
information on the lake hydrology, are used to analyze factors affecting lake salinity on 
centennial and millennial scales.  Based on hydrology, weather patterns, and lake water 
chemistry, just a fraction of the annually emerging salt crust is deflated under modern 
climatic conditions. The feedback between lake solutes and dust emissions is an 
important mechanism controlling lake salinity.  
 
1.  Introduction 
Shallow saline lakes are common in semi-arid and arid dune environments in 
North America, Africa, Asia and Australia [Yechieli and Wood, 2002].  Salt dust 
emissions from saline lakes are a product of both natural and anthropogenically induced 
processes. These dust emissions have become a matter of extensive research, such as in 
the case of Owens Lake, California, where dust emissions have caused environmental 
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disasters.  Recently, playa dust was found to be important for cloud formation [Pratt et 
al., 2010].  The Nebraska Sand Hills cover 58,000 km2 of the central Great Plains and are 
the largest dune field in the Western Hemisphere [Ahlbrandt et al., 1980; Loope et al., 
1995].  The grass-stabilized dunes attain heights up to 130 m and have been modified by 
soil development and erosion (Figure 1a).  Average annual precipitation ranges from 580 
mm, on the eastern margin of the dune field, to 430 mm, on the western margin. Nearly 
75% of the present-day precipitation takes place from April to September; 50% falls in 
May to July when warm, moist air is drawn northward from the Gulf of Mexico [Wilhite 
and Hubbard, 1998].  The dunes overlie 150 - 300 m of the thickest part of the High 
Plains aquifer, which stretches from Texas to South Dakota [Weeks and Gutentag, 1988]. 
This aquifer is one of the largest freshwater resources in the U.S. and is the principal 
source of water in one of the major agricultural areas of the U.S.  High recharge rates in 
dunes and the thick layer of sand and gravel beneath the Sand Hills provide 65% of the 
water stored in the aquifer.  Understanding the near-surface hydrology of the Sand Hills 
is still a matter of ongoing studies.  
Regional groundwater flowing west to east of the Denver basin and numerous 
lakes are found in topographic depressions (Figure 1b).   Approximately 400 lakes with 
surface areas > 4 ha and depths < 1 m exist in Sheridan and Garden counties alone.  Lake 
evaporation is estimated to exceed precipitation by 600 mm [Winter, 1981; Winter, 
1986].  The salinity of natural lakes in the Nebraska Sand Hills ranges from freshwater 
(~0.3 g L-1) to hypersaline (>100 g L-1) with pH~10 (Figure 1c), while its underlying 
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groundwater in the High Plains aquifer is fresh [Gosselin et al., 1994; Zlotnik et al., 
2007].  
Dunes emerged during extended mega-droughts when the groundwater table was 
deep [Loope et al., 1995; Miao et al., 2007].  Sustained eolian activity and dune 
movement occurred between about 9500 to 6500 years before present (YBP), but 
evidence of significant droughts and eolian activity exists for 700-1000 YBP and 2300-
4500 YBP [Miao et al., 2007; Mason et al., 2010]. Subsequent pluvial conditions led to 
an increase in groundwater recharge and a rise in the water table level, resulting in the 
steady seepage of groundwater into topographic depressions and the formation of shallow 
lakes [Cohen, 2003]. 
Controversy exists on the origin of salinity in these lakes.  One view, which is 
based on groundwater hydraulics, considered lakes as discharge zones of a deep aquifer 
flow system, and that the long residence times of the groundwater resulted in elevated 
salinity [La Baugh, 1986; Winter, 1986].  Alternatively, [Gosselin et al., 1994] showed 
through geochemical modeling that evaporation alone can produce lake solute 
composition, elevated concentrations, and pH that are consistent with field observations.  
In this case, the hypothesis of elevated groundwater concentrations need not be invoked. 
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Figure 1.  a) Dune fields above the High Plains Aquifer.  b) Spatial distribution of lakes, in black.  c)  Fresh and saline lakes in the 
study area.   
181 
 
 
According to a commonly accepted classification [Born et al., 1979; Rosen, 
1994], lakes that collect inseepage over the lakebed and represent groundwater sinks to 
the atmosphere are called discharge lakes.  We are interested in these “wet” lakes that 
hold water more than 75% of time and differ from lakes or playas, where lakebeds are 
areas of groundwater recharge [Wood, 2002].  Lakebeds that exhibit both groundwater 
recharge and discharge zones are called flow-through lakes. We will discuss both 
discharge and flow-through wet lakes.  
Anecdotal accounts of salt dust clouds emanating from lakes in semi-arid climates 
exist (e.g., [Gosselin, 1997; Nimick, 1997; Joeckel and Ang Clement, 2005] but without 
quantitative assessment. Lakes in the Sand Hills are found in areas with population 
density <1 person/km2  and are less visible than Owens Lake [Cahill et al., 1996; Gill, 
1996; Reheis, 1997; Reheis et al., 2002]; thus, emissions from lakes in the Sand Hills do 
not cause major air quality concerns today.  The potential for dust emissions from these 
numerous lakes may be a factor in issues of climate change.  Because lake-aquifer solute 
exchange is a subject of hydrogeology and land surface-atmosphere exchange of salt is a 
subject of eolian sedimentology, studies of this “salt conveyor” from groundwater to dust 
are often disconnected.  
Hydrogeologic studies in semi-arid climates consider discharge and flow-through 
lakes [Winter, 1976; Townley and Trefry, 2000; Zlotnik et al., 2009].  A Flow-through 
regime occurs when lake solutes are flushed by groundwater outflow from the lake; in a 
steady-state condition, lake concentration CL is controlled by the inseepage (Qin)-to-
outseepage (Qout) ratio:  
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CL=CGW(Qin/Qout),        (1) 
where CGW is groundwater solute concentration (e.g., Sanford and Wood, 1991). Here, q 
= Qin - Qout = E-P, where q is groundwater contribution or inseepage to the lake water 
budget, E is evaporation, and P is precipitation, all in consistent units, L·T-1.  
Discharge regime results from the combination of groundwater flow, evaporation, 
precipitation, lake size, and hydrogeologic setting that preclude outseepage from the lake, 
even in the presence of an ambient regional flow. In a discharge regime, lakes evaporate 
water and become solute traps. Solute mass MT  per lake unit area, M·L-2, accumulates in 
the lake almost linearly with time TL from the onset of the lake [Zlotnik et al., 2010]:  
MT =CGW·q·TL.         (2) 
After neglecting seasonal variations in lake levels, the lake concentration is 
defined by the average lake depth H, 
CT=MT / H.=CGW·q·TL./H      (3) 
Based on the hydrologic budget of various terminal lakes, [Langbein, 1961] 
hypothesized that the only outlet of salt in discharge lakes is loss via deflation.  This view 
was espoused by Tyler et al. (1997), who calculated salt influx by estimating 
groundwater seepage to lakes, and [Wood and Sanford, 1995] who considered salt reflux 
from re-infiltrating dust generated by lakes.  These concepts consider advection as the 
only mechanism of solute transport from groundwater to the lake.  Recently, other 
mechanisms, namely mechanical dispersion and free convection have been studied in 
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sabkhas [Van Dam et al., 2009] marine environments [Stevens et al., 2009], and inland 
waters [Bauer et al., 2006].  These mechanisms, however, are limited in the Sand Hills 
lakes as shown through modeling [Zlotnik et al., 2010]  and geophysical studies [Ong and 
Zlotnik, 2010].  
Sedimentological studies rarely refer to Langbein (1961), who hypothesized that 
salts could be lost by deflation.  He observed a deficit of mass in several terminal lakes 
when compared to the quantity of incoming solutes from surface runoff over their 
lifetimes.  Since then, numerous qualitative observations were made in natural lakes 
[Teller and Last, 1990; Rosen, 1994; Gosselin, 1997; Nimick, 1997; Bleed and Ginsburg, 
1999]. The Clean Air Act provided an impetus for studies to quantify the role of eolian 
transport in the salt balance of closed lakes, as well as the production rate of dust mass. 
This rate is controlled by groundwater and surface water chemistry, physics, and 
chemistry of soils, defining the cohesive properties of the salt crust and dust, local and 
regional climate patterns, and landscape. 
Owens Lake is one of the largest dust sources in North America, with an annual 
emission on the order of 0.9-8⋅106 tons [Gillette et al., 1980; Gillette et al., 1982; Saint 
Amand et al., 1986; Gill and Gillette, 1991; Cahill et al., 1996; Reheis, 1997; Smith et al., 
1997; Tyler et al., 1997; Elmore et al., 2008].  Its solute chemistry and budget are defined 
by the complex interplay of surface and groundwater fluxes. The range of critical velocity 
and deflation rates (e.g., Gillette et al. [1980]; Gillette et al., [1982]; Gill and Gillette 
[1991]; Reheis [1997] mobilizing various sizes of particulate matter were also studied.  
Dust traps [Gillette et al., 2004; Pye and Tsoar, 2009], wind tunnels [Gillette et al., 1980; 
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Houser and Nickling, 2001; King et al., 2009]  anemometer-coupled, wind-triggered 
video cameras [Reynolds et al., 2007, fig. 12], confirmed Langbein's (1961) conjecture 
that wet playas or shallow water tables can be potent dust generators. 
In addition, remote sensing studies have also addressed dust fluxes from playas on 
a global scale by locating dust sources [Prospero et al., 2002] and determining conditions 
for dust mobilization [Gill, 1996]. In the U.S., the largest dust sources are found in the 
Basin and Range Province [Grayson, 1993].  Satellite data show sporadic large-scale dust 
outbreaks in the Great Plains, which are now at a historical minimum due to short-term 
climate trends and soil conservation practices [Prospero et al., 2002, p.19].  Helgren and 
Prospero (1987) showed that the mean wind velocity associated with dust-raising events 
is ~10.5 m s-1, and ranged from 6.5 to 13.0 m s-1, and is consistent with land-based 
studies by Gillette et al., [1980]. 
Coupling solute and dust transport is a difficult task.  Instrumental hydrological 
and sedimentological estimates of fluxes across the interfaces have natural spatial and 
temporal variability in data on solute transport and dust emissions.  The spatial variability 
of emission rates due to differences in thickness, composition, mechanical properties, and 
location of dust sources, requires extensive measurements to adequately document these 
processes. Temporal variability is less apparent, because emission rates vary with 
climate.  Steady-state salt budgets used in some evaluations may often not be applicable. 
For example, [Wood and Sanford, 1995; Wood and Sanford, 2007], experimentally 
studied the role of eolian transport on the salt balance in Texas playas. They used Cl as a 
conservative tracer on Double Lake, a dry playa in Texas. Annually, about 5.4⋅105 kg of 
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Cl enters the playa with groundwater, and 4.5⋅105 kg is deflated and deposited downwind. 
They attributed the imbalance, 0.9⋅105 kg, to infiltration of deposited salt dust back to the 
playa. In transient states, however, disparity between the groundwater solute inseepage 
and eolian deflation may exist.  
Tyler et al. [1997] estimated an annual salt dust emission of 7.5·108 kg in Owens 
Lake using several assumptions.  First, all solutes enter the lake under steady state 
condition and the lake is in equilibrium with climate.  Second, all incoming solutes are 
removed annually.  Third, the groundwater’s average total dissolved solids (TDS), is 
estimated to be 30 g·L-1 but ranges between 1 and 300 g·L-1.  The assessed values of dust 
emissions, between 1·109 and 3.8·109 kg /year, include both salt and non-salt particles that 
vastly exceed the inseepage of solute.  Clearly, assessing the hydrologic input of solutes 
in playas is difficult, and research is in early stages of development.  A hydrological 
approach, however, offers an additional constraint for estimating salt balance.  
Nothing is known about the potential of solute transport from groundwater to dust 
in the Nebraska Sand Hills except for anecdotal evidence [Gosselin, 1997; Bleed and 
Ginsburg, 1999; Joeckel and Ang Clement, 2005].  The goal of this study is to locate salt-
producing areas, assess their total mass, and estimate the potential role of the eolian 
transport using elementary lake water and salt balances. 
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2.  Site 
Alkali Lake, Garden County, Nebraska (N41’49”, W102’36”), has TDS reaching 
~120 g L-1, exceeding that of neighboring lakes, and consistently exhibits efflorescent 
salts and dust emissions (Figure 2a).  The lake area is 0.49·106 m2 and is topographically 
closed by dunes with elevations about 30 m above the lake.  Lake level is typically ~0.3 
m in depth, varying seasonally from 0.5 m early in spring to small shallow pools of 
standing water few centimeters deep in summer.  Winter (1981, 1986) estimated q = E-P 
= 600 mm, in the region.  A more accurate water balance is under investigation [Ong et 
al., 2009].  We use a reduced value (q=500 mm) to account for variability in lake salinity 
and lake area [Zlotnik et al., 2010].  Application of equation (1) shows that Qin/Qout = 500, 
when CL~100 g L-1 and CGW ~ 0.2 g L-1 [Zlotnik et al., 2007].  This 0.2% outflow is 
extremely low, and the outseepage is negligible.  Therefore, Alkali Lake can be 
considered as a discharge lake, which also was supported by potentiomanometer data 
gathered by Ong and Zlotnik [2010]. 
The lake shoreline has a wetland section in the north, a relatively steep 0.5-m 
bank in the west, a sandy beach in the east, and a conduit in the southeast that flows to a 
smaller lake during high water stand.  The conduit is regularly covered by salt dust giving 
a snow cover-like appearance to the area in the spring (Figure 2b).  We filmed an episode 
of salt dust emission in May 2006 (Figure 2c).  
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Figure 2.   a)  Sample locations and viewing angles of photos (b and c) taken on 18 March 2009 around Alkali Lake, Garden County, 
Nebraska.  Extent of salt precipitation along the lake shores are seen as reflective pixels in the Landsat-5 TM imagery, obtained on 28 
August 2005.  Elevation contours are in 10-m intervals.  b)  Emergence of salt crusts along the southern bean-shaped lake and 
southeastern conduit of Alkali Lake; view is to the northwest.  Vehicle on the left side of the photo is for scale. c) Northwestern 
transport of dust along the southeastern conduit of Alkali Lake; d) Granular and encrusting crystals of thernardite; e) elongated, 
prismatic flakes of mirabilite.  Photos of minerals were taken on 18 March 2009 along the southeastern conduit of Alkali Lake. 
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3.  Methodology 
Methodology includes (1) collection of salt crust, substrate (beach sand) directly 
below the salt crust, and upper soil sediment (dune sand) samples in the study area during 
dry weather conditions when the salt crust emerged; (2) analysis of weather conditions; 
(3) estimation of salt in solute, crust, and dust phases to assess the importance of eolian 
processes in lake salinity dynamics; and (4) comparison with hydrologically derived rate 
of solute in seepage into the lake. 
Samples were collected using plastic cylinders, 91.6 cm2, in four lake shore 
locations and along the southeastern conduit of Alkali Lake.  Salt crusts had roughly the 
same thickness in each area of deposition and were easily separated from the damp 
substrate. At each location, three samples were taken within a 1-m radius to assess the 
variability of the crust mass.  At the same location and immediately below the sampled 
salt crust, substrate material was collected using a plastic cylinder to the depth of 3.8 cm.  
Samples of dust in dune soils were collected in the vicinity of Alkali Lake, along eight 
radial transects that are spaced 45° apart, starting from at least 10 m away from the beach 
face and at ~100, 200, 400, and up to 800 m away from the lake.   
Samples were analyzed for their total salt mass instead of specific ions or isotopes 
(e.g., Wood and Sanford, [1995]; Turner and Townley, [2006].  Samples were oven-dried 
at 105°C and mixed with 500 mL of deionized water.  The solutions were sonicated for at 
least 20 minutes to facilitate leaching of salts and EC of the leached solute was measured 
for consecutive dilutions with up to 4 L of water. Using a linear relationship between 
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TDS and EC for low solute concentrations from representative lakes in the region 
[Zlotnik et al., 2007], the total mass estimate was obtained for each dilution. The value of 
the total salt mass that stabilized at low concentrations was reported.  Using GIS analysis 
of beach areas, the total mass of salt in the crust, the 3.8 cm of substrate layer, and on the 
dunes near Alkali Lake was calculated.   
Land- (e.g., Cahill et al., 1996) and satellite-based studies [Prospero et al., 2002] 
show that when lake beds dry up and wind speeds exceed ~7 m s-1, dust is generated at 
the playa surface.  A combination of wind speed, precipitation, and humidity from a 
floating weather station deployed at Alkali Lake in June 2007 [Ong et al., 2009] was 
analyzed to assess the occurrence frequency of deflation-conducive conditions.   The 
nearest National Weather Service surface weather station [High Plains Regional Climate 
Center, 2010] that had analogous weather conditions to Alkali Lake and a longer data 
series was determined through bi-monthly correlations.  The analogue station, Alliance 
North, was investigated for winds exceeding the threshold of 7 m s-1 during the spring 
and dry periods when eolian processes are most pronounced. 
Finally, the salt balance of Alkali Lake was calculated.  Potential deflation of the 
crust was assessed as a fraction of the observed salt mass in the lake.  Modern solute 
inseepage was assessed based on the advective solute transport model of Alkali Lake 
[Wood and Sanford, 1995; Tyler et al., 1997; Zlotnik et al., 2010].  In the absence of data 
on annual deflation in the region, the potential for deflation was taken as a fraction of 
crust mass that is exposed to wind.  
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4.  Results 
4.1  Salt Distribution 
Location of salt crust and substrate samples gathered on 21 March 2009 are 
plotted on a Landsat-5 TM image taken on 28 August 2006 (Figure 2a).  The satellite 
image shows extensive deposits of salt crusts as highly reflective pixels around the lakes.  
Different mineral crystal forms were observed on the surface. Massive, grainy, encrusting 
and coral-like masses of thenardite is the more common form (Figure 2d), and elongated, 
prismatic flakes of mirabilite (Figure 2e) occasionally were found along lake margins. 
Typically, salt crusts have thickness ~5 mm.  Table 1 shows the areal density of crust, 
calculated as mass of the crust sample per area of cylindrical sampler (g cm-2). The 
relatively small coefficient of variation for each cluster of samples is suggestive of non-
local factors controlling crust thickness. 
The sand substrate exhibits high pore solute concentration in the top centimeters 
of the profile (Table 1). Pore solute concentration was computed by analyzing the TDS in 
the top 3.8-cm layer of the substrate and assuming a porosity of 0.3.  Using an EC-TDS 
relationship established for lakes in the Sand Hills, we obtained the equivalent EC for the 
substrate at each lake.  Pore solute concentration remains high even as the lake shoreline 
receded, which results in the precipitation of salt crusts when the air temperature drops to 
7-10 °C.  The salt mass in the substrate was greater than in the crust for the sampled 
depth of 3.8 cm, which was selected based on mechanical sampling considerations.
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Table 1.  Summary of salt mass obtained from crust and substrate, lake area, and specific electrical conductivity.  Salt mass in the 
substrate is to a depth of 3.8 cm.  Equivalent solute concentration of salt in the substrate was computed using a porosity of 30%. 
Salt in crust Salt in substrate 
Sample 
Location 
No. of 
samples Mass
(kg/m2) C.V.
Mass 
(kg/m2) C.V.
Equivalent
solute
concentration
(g/L)
Area 
with 
crust 
(m2) 
Lake 
specific 
electrical
Cond.  
(mS/cm) 
A (main Alkali Lake) 3 1.33 ± 0.21 0.16 1.90 ± 0.40 0.21 15.0 3.27 x 105 78.5 
L1 (southeast end of 
Alkali Lake) 6 0.93 ± 0.27 0.29 1.03 ± 0.55 0.53 8.16 7.10 x 10
3 71.2* 
C (southeast conduit 
of Alkali Lake) 3 2.35 ± 0.51 0.22 1.94 ± 0.87 0.87 0.45 2.71 x 10
4 -dry- 
W (Wilson lake) 6 0.30 ± 0.04 0.14 0.88 ± 0.24 0.28 6.93 4.90 x 104 16.6 
L2 (southern Lake) 9 0.96 ± 0.60 0.63 1.48 ± 0.67 0.46 11.7 2.76 x 104 63.1 
*estimated lake conductivity from previous readings 
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Dust mass was assessed from 40 locations along the eight radial transects around 
Alkali Lake (Figure 3).  Salt concentrations are shown together with water table 
elevations along the transects. Higher salt concentrations are found in the vicinity of the 
lake and in topographic lows where the water table is only 1- 2 meters below the ground 
surface.  A continuous salt dust distribution with average areal density 28.3 g m-2 was 
constructed from the dust mass data (Figure 3). 
 
4.2  Weather Data 
Wind data from the raft station were gathered from 2007 to 2009 [Ong et al., 
2009] and compared to the six nearest weather stations with data  published by the High 
Planes Regional Climate Center (2010) to obtain possible proxy stations. Alliance North 
at ~50 km, where wind speed data are available for 1996-2005, had the best correlation in 
wind magnitudes and directions with the raft station at Alkali Lake (Figure 3).  Analysis 
of a 10-year data series shows wind speeds exceeding 7 m s-1 from the NW and SSE 
directions in 12% of the hourly occurrences, indicating significant potential for eolian 
deflation exists when adequate salt dust supply and salt crust are available. 
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Figure 3.  Mass distribution of salt dust in the upper 3.8 cm in the dune field surrounding Alkali Lake, Garden County, Nebraska.  
Wind rose diagram at Alliance North station modified from of the High Plains Regional Climate Center for 1996-2005.  Contoured 
distribution of salt mass in the upper 3.8 cm of the dune field.  Average areal density of salt mass is 28.3 g/m2. 
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4.3  Salt Mass near Alkali Lake 
Salt masses measured in crust, substrate, and dust distribution are summarized in 
Table 2.  Lake solute mass of 1.29 · 107 kg was estimated by considering a water depth 
0.5 m, lake volume 0.245 · 106 m3, and TDS 52.5 g L-1 on the day of survey, 21 March 
2009. 
Crusts on the beach area of Alkali Lake occupied an area of 3.27 · 05 m2 and the 
total salt mass was estimated at 4.38·105 kg.  This value is possibly underestimated, 
 
 
Table 2.  Summary of salt mass crust and substrate in beach and dust in soils around 
Alkali Lake.  Areal salt mass for substrate and soil is to a depth of 3.8 cm.  Equivalent 
total dissolved solids (TDS) for the substrate and soils were computed using 30% 
porosity. 
Components Area (m2) 
areal 
salt mass 
(kg·m-2) 
Salt mass 
(kg) 
TDS 
(g·L -1) Other parameters 
Lake water 4.91 x 105 -o- 1.29 x 107 52.5 
depth = 0.5m; 
volume =  
  2.46 x 105 m3; 
EC = 78.5 S/cm 
Crust 3.27 x 105 1.33 4.38 x 105 -o-  
Substrate 3.27 x 105 1.90 6.81 x 105 6.3  
Soil (average) 5.24 x 106 0.028 1.50 x 105 2.5  
Soil 
(background) -o- -o- -o- 
0.4 - 
1.3 
 
Groundwater 
inseepage 4.91 x 10
5 -o- 7.37 x 104 0.3 
flux = 0.5m/yr; 
discharge =  
  2.46 x 105 m3/yr; 
EC = 0.5 mS/cm 
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because vegetation in the adjoining wetland exhibits efflorescent salt that is difficult to 
assess with reasonable accuracy.  The substrate for the same area contained 6.81·105 kg 
of salt in the top 3.8 cm. 
Salt dust in dune soils had an average areal density of 28.3 g m-2 and background 
values at 5-10 g cm-2 in the top 3.8 cm. Converting this mass into solute concentration for 
sands with porosity 0.3 yields an average concentration of 2.5 g L-1, while the 
background concentration is assessed at 0.4 g L-1 at 7 g m-2. This concentration is above 
the typical concentration of shallow groundwater (~ 0.3 gL-1) [Zlotnik et al., 2007]. 
 
5.  Discussion 
5.1  Salt deflation processes 
Radiocarbon and optical age dates and diatom analysis from 3.0-m cores collected near 
the center and western edge of Alkali Lake reveal lacustrine sediments at                         
about 14,000 yr BP (Ong et al., 2009, 2010).  Diatom analysis indicates that the lake  
originally was dominated by a relatively diverse freshwater flora and remained fresh for a 
period of time before alkalinity increased under evaporative conditions. Diatoms were 
obliterated in the upper meter of sediment column, likely due to high alkalinity, pH > 9 
[Ryves, 2001].  The thin deposit (0.85 m) of lake sediments representing the last 9,300 
years, compared with thicker deposits in the other regional lakes, suggests that a 
substantial amount of sediment was deflated from Alakali Lake during the Holocene. 
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Consider Alkali Lake as a discharge lake, where inseepage is balanced by 
evaporation, and the water level fluctuates only within small range, 0.3-0.4 m. Using 
current seepage q in Darcy's velocity units, q = E-P = 0.5 m·yr-1 and groundwater 
concentration CGW  = 0.2 g·L -1  = 0.2 kg·m-3, the annual delivery of solute into the lake 
using Equation (2) is (0.5 m·yr-1)(0.2 kg·m-3) = 0.1 kg m-2·yr-1 for TL = 1 yr. With a lake 
area 0.49·105 m2, the annual influx of salt carried through groundwater is almost 5·104 
kg/year. The total mass of solute in the lake MT, in kg·m-2, after TL = 8000 years 
according to Equation (2) would be  
 MT  = CGW · q · TL = (0.2 kg·m-3) (0.5 m·yr-1) (8000 yr) = 800 kg·m-2 
[Zlotnik et al., 2010].  For the average lake depth H = 0.3 m, Equation (3) yields lake 
concentration 
CL= MT /H= 2700 g·L-1, 
which is well above saturation concentration.  
 
The uncertainty of eolian history at the top 0.85 m in the lake bed shows that the 
latest pluvial period was shorter than 8000 years.  Extensive dating of dunes in the Sand 
Hills shows that eolian activity and dune movement dominated the area from 9500 to 
about 6500 yr BP.  Significant droughts that produced dune mobilization also occurred 
from 700-1000 yr BP and 2300-4500 yr BP [Miao et al., 2007].  Calculations with TL  = 
700 yr and 2300 yr ages as wet lake ages show lake concentrations in excess of 230 g·L-1  
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(Table 3) which still exceeds modern concentrations of 120 g·L-1 or saturation 
concentrations for average annual temperatures at Alkali Lake.  A duration of 350 years 
is more consistent with the lake concentration observed today.  However, the pluvial 
period certainly lasted longer, at least 700 years.  Lower concentrations and an absence of 
salt deposits in modern conditions suggest salt removal mechanisms that are of non-
hydrologic nature.  
 
5.2  Annual Dust Cycle 
Alkali Lake undergoes an annual cycle of wetting and drying, typical of perennial 
shallow lakes in the Western Sand Hills.  Each summer, the dry area surrounding the lake 
increases, reducing the lake area that is wet while the water table remains at shallow  
 
Table 3.  Computed lake concentration and salt mass per unit area in Alkali Lake at 
different time durations using the current inseepage 0.5 m yr-1 and groundwater 
concentration 0.2 g·L -1  . 
Duration (years) Salt mass  (kg/m2) Concentration (g·L -1) 
350 35 113 
700 70 233 
2300 230 767 
8000 800 2667 
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depths.  These fluctuating margins are important "launch pads" for eolian salt deflation.  
Observations from 2005-2009 show that the annual cycle of deflation has three phases:  
1.  The lake is at a high level.  Dry winter and early spring temperatures are 
conducive for the creation of efflorescent, hydrated minerals at night.  Minerals dehydrate 
in the daytime along dry beaches resulting in what appears as snow-covered terrain.  For 
example, mirabilite (Na2SO4·10H2O) dehydrates at 32°C and changes into a white 
powder, thernardite (Na2SO4).  Over a few cycles, the minerals form puffy crystals that 
are easily deflated.  The salt crust easily separates from the substrate at this stage.  After 
rains, a new salt-silt-clay crust is formed, where the deeper silts and clays remain bonded 
to the diluted salts.  Strong alternating NE and SSE winds produce spectacular views of 
flying dust.   
2. Late spring and summer thunderstorms bring precipitation and minor overland 
flow to the lake surface, rapidly creating harder crusts.  This massive salt-silt-clay crust 
differs from the earlier crust, and the mechanism of deflation changes.  Desiccation and 
abrasion by saltating particles create the potential for deflation of this combined crust.  
Over July-September, the lake shoreline typically recedes, margins expand, and the lake 
is reduced to small, shallow pools.  Although temperatures are high and capillary 
mechanisms still provide the upward movement of shallow ground water to the surface, 
evaporation from lake area is constrained, and solute delivery is reduced.  Wind speeds 
are lower, and a smaller volume of salt dust is removed.  
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3. Over the fall, October to November, SSE-NNW wind speeds intensify.  Dust 
emissions become more consistent.  Saltation of dune sand abrades and removes loose 
salt materials.  A cemented crust with less salt and more clay emerges after the loosely 
attached salts are removed.  Dust production is curtailed, unless this crust is broken.  In 
autumn, fluffy sediments are absent, and more dust from abrasion is emitted.     
It is important to note that similar patterns of salt deflation are apparent in other 
playas, albeit their significance and deflation style vary for different lakes. Amongst the 
most studied playas, Owens Lake and Mono Lake [Saint Amand et al., 1986; Cahill et al., 
1996; Gill et al., 2002] primarily generate abrasion-created dust emissions from hard 
surfaces.  Halite, trona, and mirabilite form at temperatures below 17.9°C and above 
10°C [Saint Amand et al., 1986].   Reynolds et al. [2007, p. 1820] measured dust 
emissions in Mojave Desert lakes, where efflorescent salts play the major role.  The 
difference in deflation style is defined by groundwater conditions beneath the playa 
(water level and chemistry), soils, average temperatures, and climate patterns 
(precipitation and diurnal temperature variations) [e.g., Reynolds et al., 2007, Fig. 12].  
The Western Sand Hills lakes receive higher annual precipitation (about 430 mm) 
compared to Owens and Mono Lakes in arid Mojave Desert (about 130 mm).  Mean and 
diurnal fluctuations in temperatures are comparable, differing just by a few °C.  All 
mentioned lakes have pH’s in excess of 10, which is an important indicator of the 
mechanical properties of the salt dust.  
The chemistry of the Western Sand Hills lakes is dominated by Na, K, and CO3, 
and the high TDS is a result of evaporative concentration of local groundwater [Gosselin 
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et al., 1994].  Depending on ambient conditions, thenardite (Na2SO4) and mirabilite 
(Na2SO4·10H2O) are the dominant mineral precipitates, while bloedite 
(Na2Mg[SO4]2·4[H2O]), halite (NaCl), burkeite (Na6CO3[SO4]2), and calcite (CaCO3) are 
minor constituents [Joeckel and Ang Clement, 2005].  The absence of halite is a result of 
the geochemical path of groundwater [Gosselin et al., 1994]. 
The high range of wind speeds does not necessarily result in deflation because 
emissions require the presence of dust supply.  Necessary conditions for deflation include 
the presence of a shallow water table that facilitates the delivery of groundwater solutes 
to the surface during dry periods, and large temperature diurnal fluctuations where low 
night temperatures due to low humidity and high daytime temperatures are conducive for 
generating salt crystals. 
Late in summer, prolonged dry periods and high temperatures mechanically 
desiccate the hard salt crusts.  The presence of saltating sand grains serves as an 
important mechanism in dust generation.  These conditions are present in many semi-arid 
and arid lakes [Langbein, 1961; Nimick, 1997], especially in dune environments 
[Gosselin, 1997, see also Fig. 4].  However, dust emission rates are rarely available 
[Gillette et al., 2004].  Indirect information in the form of dust trap observations report 
annual deflation rate in conducive conditions on the order of a few mm of the top lakebed 
layer. 
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5.3  Salt Crust and Its Effect on Lake Solute Balance 
The shore crust mass contains about 3.3% of the lake solute mass.  To assess the 
importance of this number, one can hypothesize the complete annual removal of the salt 
crust (4.3·105 kg/yr) when it softens and is replaced with new crust from lake water. A 
rapid depletion of the lake solutes over 100%/3.3%/yr ≈ 30 yr would occur, without the 
replacement of salts by solutes from the groundwater.   
However, estimates based on equations (2) and (3) show that filling the lake with 
solutes to the observed concentrations (> 100 g ·L-1) at the modern inseepage rate is a 
process that operates on a longer, centennial, or perhaps millennial scale (Table 3). Thus, 
hypothesizing the complete annual removal of salt crust is invalid, and the entire crust 
mass cannot be deflated.  The main constrain on deflation is the evaporation-driven 
inseepage, which accompanies ~5 x 104 kg/yr of salt as shown above.  If lake salinity 
from groundwater inseepage is balanced by eolian deflation, then only (5 ·104 
kg/year)/(4.3·105 kg/year) = ~9% of emerged crust mass is deflated in Alkali lake.  This 
is equivalent to annually generating 50 metric tons of dust by a lake with area <0.5 km2. 
Radiometric and optical age dates indicate that Alkali Lake became progressively 
saline over the last pluvial episode, which is at least 700 years long.  For lake solutes to 
accumulate in the case where eolian deflation of the crust is the only mechanism 
balancing the inseepage of solutes [Wood and Sanford, 1995], groundwater inseepage 
must exceed the annual salt dust emission rate or emission rate must be less than 9% of 
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the emerged crust mass.  This estimate is based on field data collected during a typical 
hydro-climatic year and may serve as a representative deflation rate for Alkali Lake.  
It should be noted, however, that lakes in western Nebraska have a broad range of 
salinity and settings.  Some beaches of alkalilne lakes are not as pronounced as those of 
Alkali Lake, and generation of spring crusts are less feasible.  In this case, only the hard 
crust of the lakebed plays a role in dust emissions from dry playa when water levels 
recede.  For Alkali Lake, an annually emerging crust shows the potential mass of 
deflateable material, while solute inflow into the lake shows limits of deflation. 
 
5.4  Dust on dunes as manifestation of dust emissions from lake 
Salt dust in the dune field surrounding Alkali Lake (Figure 3) accumulates  due to 
the entrappment of eolian dust and vertical upward solute fluxes in areas of shallow 
groundwater.  Although the groundwater table depth commonly has a strong control on 
the magnitude and direction of vertical fluxes at depths 1-2 m [Wang, 2009], the effect 
seems limited here.  Indeed, inspection of locations with these depths exhibits a wide 
range of salt dust density to be explained by groundwater depth alone. Lower salt 
concentrations that are found on topographic highs, where the water table is at least 5 m 
below the ground surface, are more likely affected by the distance from the lake beaches 
than by the water table depth.  
Superposition of eolian influences of dust from Alkali and Wilson Lakes may 
have contributed to the higher salt concentrations along transect C-C’, which lies more 
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than 5 m above the water table but has salt concentrations greater than the background 
values. Low salt concentrations along the NW-SE direction coincide with the general 
wind direction. Using a porosity value of 0.3, the equivalent solute concentration of the 
background value of the salt dust in the top 3.8 cm of the dune surface is C = 0.6 g L-1, 
which is 2 - 3 times greater than the TDS of ambient groundwater (Table 2).  Higher 
salinity on topographic highs cannot be due to evaporation from the water table and is 
attributed to eolian deposition.  Although salinity profiles from the ground surface to the 
water table have not yet been obtained, the general trend of decrease in areal density of 
dust suggests that the lake is a source of dust. 
 
5.5.  Implications of climate changes 
It is important to project this knowledge to the future. The scenario of a salinity 
increase in Alkali Lake, based on hydrologic and age dating (radiocarbon, optical, and 
diatioms) implied steady-state inseepage. Although there is strong evidence that the last 
widespread drought in the Sand Hills was about 700 YBP, the possibility of variations in 
hydrologic conditions and salt accumulation rates must be considered. Discharge lakes 
will continue accumulating salt in the presence of sufficient groundwater recharge. 
However, the possibility of steady recharge magnitude is not apparent. The 
Intergovernmental Panel on Climate Change [IPCC,  2010] projects a decrease in the 
natural groundwater recharge by more than 20% in the Ogallala aquifer region using 
various simulation scenarios [Rosenberg et al., 1999]. In such scenarios, many of the 
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Sand Hills lakes will receive less inseepage, switch to a discharge regime, and become 
salt dust-generation playas. More recent studies on related surface runoff are less certain 
[Milly et al., 2008].  Mild changes will result in relatively stable groundwater recharge 
and solute mass accumulation on centennial scales, with dust emissions from lake 
margins on modern scale.  
 
6.  Summary 
Studies of salt dust emission from lakes initially gained attention due to human-
induced environmental disasters (e.g., Owens Lake, Salton Sea, and Twin Lakes in the 
U.S.).  Groundwater-surface water interactions supply a substantial mass of naturally 
occurring solutes to lakes on the centennial or millennial time scales, even when the 
groundwater is fresh.  In certain cases, these solutes are trapped and concentrated in 
discharge lakes.  As the lake cyclically swells and recedes, precipitated salt crusts along 
the lake shore may become airborne. This hydrology-related mechanism was 
hypothesized by Langbein [1961], demonstrated by Wood and Sanford [1995], and 
extensively studied in sedimentology (e.g., Gill, 1996; Reynolds et al., 2007).  Eolian 
dispersal of salt dust is present not only in anthropogentically disturbed lakes but is also 
active in relatively undisturbed systems. Our field data from wet (non-playa) lakes in the 
Nebraska Sand Hills demonstrate the concept of a groundwater-land surface-atmosphere 
"salt conveyor". Salt dust generation in this semi-arid climate, with a mean precipitation 
of P~ 400 mm, undergoes similar phases to those found in more arid climates: (1) a 
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winter and early spring phase where precipitated minerals and dehydrated salts cover 
beaches with snow-like crust and dust; (2) a rainy phase where uniform and cohesive 
crusts are created; and (3) a summer phase, where receding lake shores are filled with 
desiccated salt crust and are deflated through abrasion by saltating dune sand.  This 
mechanism contributes to the variability of lake salinity in the spatially heterogeneous 
topography of the Nebraska Sand Hills.   
Saline Alkali Lake explicitly displays the eolian removal of crusts along lake 
margins. We combined hydrological and sedimentological approaches to estimate a 
simplified lake salt budget. The evaporation-driven inseepage of groundwater delivers 
salt at the rate ~5·104 kg/yr or about 50 metric tons of salt annually through a lakebed 
area less than 0.5 km2.  Radiometric and optical age dating, as well as diatom analysis, of 
a lake sediment core indicate increasing lake salinity in the multi-centennial, near-
millennial timescale. For lakes in hydrologic equilibrium with climate, this rate can be 
balanced by eolian deflation and sets an upper limit for salt dust emissions under modern 
climatic conditions. 
We assessed the areal density of salt crust masses in Alkali Lake in early spring 
2009, which served as a measure of the available salt over an average hydrologic year.  
Alkali Lake annually generates 4.3 x 105 kg of salt crust along its beaches.  Based on a 
lake water balance, just 9% of this mass, equivalent to the 5 x104 kg/yr delivery rate of 
solutes into the lake by inseepage, can be deflated annually.  Thus, a precipitated salt 
crust along beaches is not a limiting factor for salt dust emissions.  Occurrence of critical 
wind speed exceeding ~7 m s-1 and the presence of salts are two important factors 
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controlling eolian deflation.   A 10-year hourly weather data series shows that hourly 
wind speed data exceeds the critical value 12% of the year.  The presence of mirabilite in 
spring and desiccation of salt crusts in the fall also facilitate deflation. A sizable amount 
of airborne dust (1.5 x 105 kg) was re-deposited in the lake vicinity at distance up to 800 
m from the lakeshore. 
This study represents the first quantitative assessment of the potential for lakes in 
mid-western, semi-arid climate to generate salt dust.  Our approach couples groundwater 
and atmosphere processes across the lakebed interface into one "conveyor" system.  
Constrained estimates on the mechanisms that control lake salinity through eolian 
transport were made possible by considering the processes that transport salt from 
groundwater to the atmosphere.  Uncertainty in these estimates is expected.  In the 
groundwater component of the conveyor system, groundwater flow regime, topography, 
and climate affect solute delivery.  In this case study, a relatively stable climate was 
implied for the last 700 years and the possibility of Alkali Lake having flow-through 
regimes was ignored; but different groundwater recharge and lake evaporation rates 
values could affect the potential for dust generation. The amount of salt crust generated in 
early spring was taken as a proxy for estimating the potential of eolian deflation; 
however, hydrologic limitations on the generation of salt dust are more limiting making 
this uncertainty less important. 
The interaction of hydrologic and eolian processes in transporting salt is a 
widespread and fundamental component of many lake-aquifer systems in semi-arid 
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climate.  Understanding these processes is important in predicting how the environment 
will be affected by human activities and the changing climate.   
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Appendix 2.   Maximum depth of penetration at resistance 300 PSI using a 3.3-cm2 cone base 
area, 1.8-m hand-operated static cone penetrometer.  
no Northing  (m) 
Easting  
(m) 
Latitude  
(N) 
Longitude  
(W) 
Depth of 
Penetration  
(m) 
1 4632405 698715 41° 49' 7.02"  102° 36' 26.76"  1.02 
2 4632447 698693 41° 49' 8.40"  102° 36' 27.66"  1.35 
3 4632489 698675 41° 49' 9.78"  102° 36' 28.38"  0.76 
4 4632517 698680 41° 49' 10.68"  102° 36' 28.14"  2.13 
5 4632551 698704 41° 49' 11.76"  102° 36' 27.06"  2.13 
6 4632616 698774 41° 49' 13.80"  102° 36' 23.94"  0.61 
7 4632640 698834 41° 49' 14.52"  102° 36' 21.30"  0.71 
8 4632709 698864 41° 49' 16.74"  102° 36' 19.92"  2.13 
9 4632766 698924 41° 49' 18.54"  102° 36' 17.28"  1.12 
10 4632809 698975 41° 49' 19.86"  102° 36' 15.00"  2.13 
11 4632797 699017 41° 49' 19.44"  102° 36' 13.20"  0.84 
12 4632741 699075 41° 49' 17.58"  102° 36' 10.74"  0.79 
13 4632754 699150 41° 49' 17.94"  102° 36' 7.50"  0.64 
14 4632751 699237 41° 49' 17.76"  102° 36' 3.72"  2.13 
15 4632719 699276 41° 49' 16.68"  102° 36' 2.10"  2.13 
16 4632761 699391 41° 49' 17.94"  102° 35' 57.06"  0.81 
17 4632800 699470 41° 49' 19.14"  102° 35' 53.58"  0.99 
18 4632781 699568 41° 49' 18.42"  102° 35' 49.38"  2.13 
19 4632873 699565 41° 49' 21.42"  102° 35' 49.38"  0.71 
20 4632990 699645 41° 49' 25.14"  102° 35' 45.78"  1.27 
21 4633090 699686 41° 49' 28.32"  102° 35' 43.86"  0.61 
22 4632957 699718 41° 49' 24.00"  102° 35' 42.66"  1.14 
23 4632877 699641 41° 49' 21.48"  102° 35' 46.08"  0.46 
24 4632746 699657 41° 49' 17.22"  102° 35' 45.54"  1.02 
25 4632561 699727 41° 49' 11.16"  102° 35' 42.72"  0.66 
26 4632479 699782 41° 49' 8.46"  102° 35' 40.44"  0.41 
27 4632140 699822 41° 48' 57.42"  102° 35' 39.12"  1.04 
28 4632103 699688 41° 48' 56.34"  102° 35' 45.00"  0.79 
29 4632166 699454 41° 48' 58.62"  102° 35' 55.02"  0.61 
30 4632223 699282 41° 49' 0.60"  102° 36' 2.40"  0.76 
31 4632263 699195 41° 49' 1.98"  102° 36' 6.12"  0.76 
32 4632290 699102 41° 49' 2.94"  102° 36' 10.14"  1.19 
33 4632291 698893 41° 49' 3.18"  102° 36' 19.20"  1.22 
34 4632362 698791 41° 49' 5.56"  102° 36' 23.51"  0.74 
35 4632389 699837 41° 49' 5.48"  102° 35' 38.18"  0.99 
35 4632561 699079 41° 49' 11.75"  102° 36' 10.80"  2.31 
35 4632648 698927 41° 49' 14.70"  102° 36' 17.28"  0.61 
35 4632620 698914 41° 49' 13.78"  102° 36' 17.89"  1.22 
35 4632519 698882 41° 49' 10.56"  102° 36' 19.37"  1.40 
35 4632514 698878 41° 49' 10.42"  102° 36' 19.55"  1.83 
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Appendix 3.  Potentiomanometer data 
 
Location 1:  41° 48' 59.0" N, 102° 35' 54.7" W 
Time  Head 
Insertion 
hs, 
surface 
water 
head 
(cm) 
l, 
screen 
depth 
(cm) 
Actual 
Hr:Min 
Inc. 
(min) 
Cum. 
(min) 
Lake 
(cm) 
GW 
(cm) 
GW- 
Lake 
(cm) 
18:28 0 0 28.0 29.5 1.5 1 7.9 28.1 
18:33 5 5 28.0 29.5 1.5 
18:42 0 0 23.4 26.4 3.0 
18:47 5 5 23.9 26.1 2.2 2 7.9 53.5 
18:52 5 10 23.9 26.2 2.3 
18:59 0 0 14.7 25.9 11.2 
19:04 5 5 15.2 25.3 10.1 
19:09 5 10 15.5 25.1 9.6 
19:19 10 20 16.0 24.7 8.7 
3 7.9 72.9 
19:24 5 25 16.0 24.6 8.6 
 
Location 2:  41° 49' 03.4" N, 102° 36' 17.5" W 
Time  Head  
Insertion 
hs, 
surface 
water 
head 
(cm) 
l, 
screen 
depth 
(cm) 
Actual 
Hr:Min 
Inc. 
(min) 
Cum. 
(min) 
Lake
(cm) 
GW 
(cm) 
GW- 
Lake 
(cm) 
12:35 0 0 15.8 26.9 11.1 
12:40 5 5 15.4 27.2 11.8 
12:59 19 24 15.8 28.4 12.6 
1:02 3 27 16.5 27.5 11.0 
1:15 13 40 16.8 28.1 11.3 
1:25 10 50 16.6 28.3 11.7 
1:30 5 55 16.7 28.2 11.5 
1 0 60 
1:35 5 60 17.0 27.0 10.0 
4:28 0 0 20.0 26.9 6.9 
4:33 5 5 18.5 29.2 10.7 
4:40 7 12 16.8 30.4 13.6 
2 0 84.2 
4:51 11 23 16.1 31.0 14.9 
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Location 3:  41° 49' 14.6" N, 102° 36' 21.5" W 
Time  Head  
Insertion 
hs, 
surface 
water 
head 
(cm) 
l, 
screen 
depth 
(cm) 
Actual 
Hr:Min 
Inc. 
(min) 
Cum. 
(min) 
Lake
(cm) 
GW 
(cm) 
GW- 
Lake 
(cm) 
3:13 0 0 13.0 29 16.4 
3:20 7 7 12.7 30 16.8 
3:26 6 13 12.8 30 17.0 
3:32 4 17 12.5 30 17.1 
1 0 60 
3:42 10 21 12.5 30 17.1 
Potentiomanometer was moved 5m away from #1 
5:24 0 0 4.8 29 24.3 
5:28 4 4 6.4 27 20.8 
5:34 6 10 8.9 26 16.7 
5:40 6 16 9.8 25 15.0 
5:45 5 22 10.4 24 13.8 
5:50 5 27 11.0 24 12.6 
5:55 5 32 11.5 24 12.0 
2 0 74.5 
5:58 3 37 11.8 23 11.4 
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Location 4:  41° 49' 17.8" N, 102° 36' 00.8" W 
Time  Head  
Insertion 
hs,  
surface  
water  
head  
(cm) 
l, 
screen 
depth 
(cm) 
Actual 
Hr:Min 
Inc. 
(min) 
Cum. 
(min) 
Lake
(cm) 
GW 
(cm) 
GW- 
Lake 
(cm) 
3:30 0 0 23.1 19 -4 
3:37 7 7 24 18 -5.9 
3:44 7 14 24.1 18 -6.2 
3:50 6 20 23.5 18 -5.7 
3:55 4 24 22.5 18 -4.7 
4:01 6 30 21.6 18 -3.8 
4:06 5 35 21.4 18 -3.5 
4:11 5 40 21 18 -2.9 
4:16 5 45 20.9 18 -2.6 
4:21 5 50 20.8 19 -2.3 
4:26 6 56 20.8 19 -2 
4:31 5 61 20.6 19 -1.5 
4:36 5 66 20.3 19 -0.9 
4:41 5 71 19.9 20 0.1 
4:46 5 76 20 20 0.2 
4:51 5 81 19.9 20 0.5 
5:02 11 92 19 21 1.9 
5:12 10 102 18.2 21 3.2 
5:22 10 112 16.3 22 5.5 
5:32 10 122 14.8 22 7.4 
5:37 5 127 15.1 22 7.3 
5:43 6 133 16.3 23 6.4 
5:52 5 138 15.8 23 7.2 
5:57 5 143 15.3 23 7.9 
6:05 8 151 14.7 23 8.7 
6:14 9 160 15.8 24 8.1 
6:22 8 168 16 24 8.1 
6:29 7 175 15.4 24 9 
6:37 8 183 14.1 25 10.5 
6:42 5 188 14.4 25 10.3 
1 13.8 113.2 
6:51 9 197 14.3 25 10.6 
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Location 5:  41° 49' 05.3" N, 102° 35' 38.7" W 
Time  Head  
Insertion 
hs, 
surface 
water 
head 
(cm) 
l, 
screen 
depth 
(cm) 
Actual 
Hr:Min 
Inc. 
(min) 
Cum. 
(min) 
Lake
(cm) 
GW 
(cm) 
GW- 
Lake 
(cm) 
3:17 0 0 19.8 29.9 10.1 
3:22 5 5 18.6 30.3 11.7 
3:27 5 10 18.4 30.3 11.9 
3:30 3 13 17.4 24.9 7.5* 
3:48 8 21 15.7 26.6 10.9 
3:50 2 23 15.7 26.5 10.8 
3:55 5 28 15.5 26.8 11.3 
1 0.0 50.7 
4:00 5 33 15.5 26.7 11.2 
*air noted in GW tube, home clamp adjusted 
 
Potentiomanometer was moved 5m away from #1 
4:59 0 0 13.1 30 16.7 
5:04 5 5 13.1 29 16.3 
5:09 5 10 13.3 29 15.9 
5:14 5 15 13.4 29 15.6 
5:19 5 20 13.4 29 15.7 
5:24 5 25 14 29 14.6 
5:29 5 30 14.5 29 14.3* 
2 0.0 47.2 
5:34 5 35 14.7 29 14.1 
*wind blows surface water  
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Appendix 4.  Constant-head injection test 
 
Location 1:  41° 48' 59.0" N, 102° 35' 54.7" W 
Trial time (sec) 
injected  
volume 
(cm3) 
Q  
(cm3/sec) 
Operating 
Head, y  
(cm) 
K  
(m/day) 
Darcy  
Velocity  
(m/day) 
1 10 3.6 0.36 135.0 9.4E-02 1.1E-02 
2 14 2.1 0.15 132.0 4.1E-02 4.9E-03 
3 12 1.4 0.12 130.0 3.3E-02 3.8E-03 
4 13 1.4 0.11 128.0 3.1E-02 3.6E-03 
5 68 2.8 0.04 124.0 1.2E-02 1.4E-03 
6 12 1.4 0.12 122.0 3.5E-02 4.1E-03 
7 24 1.4 0.06 120.0 1.8E-02 2.1E-03 
AVE 21.9 2.0 0.14 127.3 3.8E-02 4.4E-03 
SD 20.9 0.9 0.10 5.50 2.7E-02 3.2E-03 
CV 95.4 42.5 76.0 4.3 71.6 71.6 
 
Screen depth, l  (cm) 72.9
Screen length, L (cm) 6.35
Shape factor, P 0.607
Screen radius, rw (cm) 0.635
Aquifer thickness, b (cm) 1000
Empirical coefficient A 1.9
Empirical coefficient B 0.26
 
 
Location 2:  41° 49' 03.4" N, 102° 36' 17.5" W 
Trial time (sec) 
injected  
volume 
(cm3) 
Q  
(cm3/sec) 
Operating 
Head, y  
(cm) 
K  
(m/day) 
Darcy  
Velocty  
(m/day) 
1 404.4 2020 0.30 174.6 0.061 1.2E-02 
2 460.2 2120 0.22 174.0 0.045 9.1E-03 
3 390.0 2200 0.21 173.6 0.042 8.6E-03 
AVE 418.2 2113 0.24 174.1 4.9E-02 1.0E-02 
SD 37.1 90.2 0.05 0.520 1.0E-02 2.1E-03 
CV 8.9 4.3 20.8 0.3 20.5 20.5 
 
Screen depth, l  (cm) 72.9
Screen length, L (cm) 6.35
Shape factor, P 0.607
Screen radius, rw (cm) 0.635
Aquifer thickness, b (cm) 1000
Empirical coefficient A 1.9
Empirical coefficient B 0.26
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Location 3:  41° 49' 14.6" N, 102° 36' 21.5" W 
Trial time (sec) 
injected  
volume 
(cm3) 
Q  
(cm3/sec) 
Operating 
Head, y  
(cm) 
K  
(m/day) 
Darcy  
Velocity  
(m/day) 
1 25.19 5.0 0.198 185.7 3.8E-02 1.1E-02 
2 25.36 5.0 0.197 185.7 3.7E-02 1.1E-02 
3 25.83 5.0 0.194 185.7 3.7E-02 1.0E-02 
4 25.19 5.0 0.198 185.7 3.8E-02 1.1E-02 
AVE 25.4 5.0 0.2 185.7 3.7E-02 1.1E-02 
SD 0.3 0.0 0.0 0.0 4.4E-04 1.3E-04 
CV 1.2 0.0 1.2 0.0 1.2 1.2 
 
Screen depth, l  (cm) 60.0
Screen length, L (cm) 6.35
Shape factor, P 0.616
Screen radius, rw (cm) 0.635
Aquifer thickness, b (cm) 1000
Empirical coefficient A 1.9
Empirical coefficient B 0.26
 
Location 4:  41° 49' 17.8" N, 102° 36' 00.8" W 
Trial time (sec) 
injected  
volume 
(cm3) 
Q  
(cm3/sec)
Operating 
Head, y  
(cm) 
K  
(m/day) 
Darcy  
Velocity  
(m/day) 
1 11.0 5.0 0.455 187.4 8.9E-02 8.4E-03 
2 10.0 5.0 0.500 187.4 9.8E-02 9.2E-03 
3 10.0 5.0 0.500 187.4 9.8E-02 9.2E-03 
4 11.0 5.0 0.455 187.4 8.9E-02 8.4E-03 
5 10.3 5.0 0.488 187.4 9.6E-02 9.0E-03 
AVE 10.5 5.0 0.5 187.4 9.4E-02 8.8E-03 
SD 0.5 0.0 0.0 0.0 4.6E-03 4.3E-04 
CV 4.9 0.0 4.8 0.0 4.8 4.9 
 
Screen depth, l  (cm) 113.2
Screen length, L (cm) 6.35
Shape factor, P 0.588
Screen radius, rw (cm) 0.635
Aquifer thickness, b (cm) 1000
Empirical coefficient A 1.9
Empirical coefficient B 0.26
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Location 5:  41° 49' 05.3" N, 102° 35' 38.7" W 
Trial time (sec) 
injected  
volume 
(cm3) 
Q  
(cm3/sec)
Operating 
Head, y  
(cm) 
K  
(m/day) 
Darcy 
Velocity 
(m/day) 
1 124 50 0.40 153.5 1.0E-04 2.1E-02 
2 115 50 0.43 151.8 1.1E-04 2.3E-02 
3 116 50 0.43 150.1 1.1E-04 2.3E-02 
4 158 50 0.32 148.4 8.5E-05 1.7E-02 
5 116 50 0.43 146.7 1.2E-04 2.4E-02 
6 116 50 0.43 145.0 1.2E-04 2.4E-02 
7 160 50 0.31 143.3 8.7E-05 1.8E-02 
8 117 50 0.43 141.6 1.2E-04 2.5E-02 
9 126 50 0.40 140.0 1.1E-04 2.3E-02 
10 162 50 0.31 138.3 8.9E-05 1.8E-02 
11 127 50 0.39 136.6 1.2E-04 2.4E-02 
12 168 50 0.30 134.9 8.8E-05 1.8E-02 
13 133 50 0.38 133.2 1.1E-04 2.3E-02 
14 174 50 0.29 131.5 8.7E-05 1.8E-02 
15 133 50 0.38 129.8 1.2E-04 2.4E-02 
16 172 50 0.29 128.1 9.1E-05 1.9E-02 
17 183 50 0.27 126.4 8.6E-05 1.8E-02 
18 149 50 0.34 124.7 1.1E-04 2.2E-02 
AVE 142 50 0.36 139.1 1.0E-04 2.1E-02 
SD 23.8 0.0 0.06 9.0 1.4E-05 2.8E-03 
CV 16.8 0.0 16.2 6.5 13.2 13.2 
 
Screen depth, l  (cm) 47.2
Screen length, L (cm) 6.35
Shape factor, P 0.628
Screen radius, rw (cm) 0.635
Aquifer thickness, b (cm) 1000
Empirical coefficient A 1.9
Empirical coefficient B 0.26
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Appendix 5.  Drill Logs 
227 
 
 
Four different machines were used for installing wells and piezometers: 
Appendix 5a 
1. A truck-mounted auger General 550 Dig-R-Mobile, with 2.5-cm (1-inch) 
diameter 0.9-m (3-ft) and 1.5-m (5-ft) long auger rod was used for installing 2.5-
cm (1-inch) diameter PVC pipes were installed in the Alkali Lake area (i.e., H01 
to H26) and 3.2-cm (1¼-inch) diameter PVC pipes were installed in the Gimlet 
area (i.e., G01 to G10).  Screens were 0.61 m (2 ft) long.  Maximum well depth 
was 7.9 m (26 ft).  Dry sand found around the drill hole was used for back-filling 
the area between the installed pipe and drill hole.   
Appendix 5b 
2. The rotary drilling rig, operated by Mr. Chad Schaack, had 14-cm and 20-cm 
diameter drills bits for installing 5.1-cm (2-inch) diameter, 12 m (40 ft) long and 
10.8-cm (4¼-inch) diameter  30.5 m (100 ft) long PVC pipes.  The screens were 
1.8 m (6-ft) and 6.1 m (20 ft) long for the shorter and longer wells, respectively.  
Wells are labeled with extensions W2 and W4 to represent 2-inch and 4-inch 
diameter wells, respectively.  Coarse sand and gravel were used as gravel pack.  
Bentonite seals were also installed when necessary. 
Appendix 5c 
3. A concrete vibrator was used to sinking in a 7.6-cm (3-inch) aluminum pipe.  
After extracting the aluminum pipe, a 5.1-cm (2-inch) PVC pipe with screens was 
sunk into the hole.   
Appendix 5d 
4. High velocity water from 4 Hp trash pump through a 2.5-cm diameter PVC pipe 
was used for “jetting” a PVC pipe into the lake bed.  
¾ Location, dimensions, and top of casing elevation for each well are provided in 
Appendices 6 and 7.  
¾ A grain-size scale bar dividing clay, silt, and sand is shown at the bottom of each 
drill log.  The sands are graduated to represent, very fine, fine, medium, and 
coarse sands.  
Geophysical logs are available for wells SE-W4B and ALK-W4.
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Appendix 5a.  Augered wells 
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Appendix 5b.  Rotary drilled wells 
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 Appendix 5c.  Vibracored wells 
 
A concrete vibrator was used to set up an oscillation in a 7.6-cm (3-inch) diameter aluminum 
irrigation pipe. The base of the core tube liquefies the underlying sediment, and the core tube 
sinks into the ground under its own weight with minor pushing by the operator.  After extracting 
the aluminum pipe containing lakebed sediments, a 5.1-cm (2-inch) PVC is inserted into the hole.  
Natural collapse from the sides of hole fills in the voids made by the larger-diameter hole.  Water 
level loggers were installed in both wells. 
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Appendix 5d.  Jetted piezometers in Alkali Lake 
 
Two clusters, consisting of three piezometers, were installed in Alkali Lake.  The following 
procedure was used to install the piezometers using a WAYNE 4 Hp semi-trash pump: 
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Each cluster had piezometers installed at depths 1, 2, and 3 m below the lake bed.  Screens were 
0.3 m long with 0.14 mm slots.   
 
 
 
The two clusters of piezometers are located on the eastern and western sides of Alkali Lake.  
Only the western 2-m deep piezometer was successfully installed at 41°49'4.9"N, 
102°36'14.7"W on 18 July 2009.  The well, named J1, was monitored with a water level logger 
from 19 July 2009 to 19 October 2010.   
 
 .     
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Appendix 6.   Tie points surveyed from 28 – 31 May 2008 using the Topcon Hyperlite, a real-
time kinematic geodetic-grade differential GPS.  Wooden stakes with area ~ 3 cm x 3 cm and 
exposed ~ 5 cm from the ground served as tie point markers.  
Ellipsoid:  WGS84 
Projection:  UTM Zone 13 
Datum:  mean sea level 
Tie  
Point 
Northing  
(m) 
Easting  
(m) 
Latitude 
(N) 
Longitude 
(W) 
Elev.  
(m)  
1 4631417.861 700063.427 41° 48' 33.7074" 102° 35' 29.5569" 1183.465 
2 4631070.984 700111.180 41° 48' 22.4264" 102° 35' 27.9103" 1179.204 
3 4631070.684 700110.787 41° 48' 22.4170" 102° 35' 27.9277" 1179.215 
4 4630682.506 699972.298 41° 48' 09.9675" 102° 35' 34.3952" 1177.580 
5 4630682.244 699972.633 41° 48' 09.9587" 102° 35' 34.3810" 1177.591 
6 4630652.185 700232.166 41° 48' 08.7486" 102° 35' 23.1805" 1178.034 
7 4630652.692 700232.334 41° 48' 08.7649" 102° 35' 23.1726" 1178.015 
c8 4630503.420 700465.970 41° 48' 03.7160" 102° 35' 13.2385" 1179.696 
9 4630503.866 700466.532 41° 48' 03.7300" 102° 35' 13.2136" 1179.702 
10 4630712.006 700734.303 41° 48' 10.2285" 102° 35' 01.3668" 1182.933 
11 4630711.237 700734.514 41° 48' 10.2034" 102° 35' 01.3586" 1182.911 
12 4631152.650 700518.680 41° 48' 24.7006" 102° 35' 10.1665" 1183.527 
13 4631151.906 700519.197 41° 48' 24.6760" 102° 35' 10.1450" 1183.531 
14 4631311.295 700355.472 41° 48' 29.9889" 102° 35' 17.0405" 1182.890 
15 4631311.489 700356.199 41° 48' 29.9946" 102° 35' 17.0088" 1182.899 
16 4631726.770 698516.997 41° 48' 45.1178" 102° 36' 36.1482" 1180.088 
17 4631726.539 698517.641 41° 48' 45.1097" 102° 36' 36.1206" 1180.083 
18 4631597.896 698377.220 41° 48' 41.0689" 102° 36' 42.3563" 1175.148 
19 4631597.994 698376.774 41° 48' 41.0725" 102° 36' 42.3755" 1175.141 
20 4631321.594 698333.222 41° 48' 32.1573" 102° 36' 44.5942" 1179.681 
21 4631321.780 698333.907 41° 48' 32.1628" 102° 36' 44.5643" 1179.663 
22 4630995.300 698250.697 41° 48' 21.6609" 102° 36' 48.5602" 1180.877 
23 4630995.305 698251.333 41° 48' 21.6605" 102° 36' 48.5327" 1180.860 
24 4630585.220 697779.913 41° 48' 08.7998" 102° 37' 09.4373" 1180.208 
25 4630584.850 697779.485 41° 48' 08.7882" 102° 37' 09.4563" 1180.182 
26 4630787.758 697462.248 41° 48' 15.6471" 102° 37' 22.9489" 1185.043 
27 4630788.287 697461.755 41° 48' 15.6647" 102° 37' 22.9696" 1185.047 
28 4631028.270 697230.220 41° 48' 23.6473" 102° 37' 32.7077" 1185.821 
29 4631028.845 697229.804 41° 48' 23.6664" 102° 37' 32.7250" 1185.822 
30 4631190.631 697070.762 41° 48' 29.0505" 102° 37' 39.4182" 1184.092 
31 4631191.180 697070.289 41° 48' 29.0687" 102° 37' 39.4380" 1184.037 
32 4631449.262 697074.981 41° 48' 37.4256" 102° 37' 38.9262" 1182.624 
33 4631449.920 697075.053 41° 48' 37.4468" 102° 37' 38.9222" 1182.633 
34 4631921.629 697123.006 41° 48' 52.6858" 102° 37' 36.2813" 1182.491 
35 4631922.337 697122.771 41° 48' 52.7090" 102° 37' 36.2906" 1182.523 
36 4632331.762 697452.626 41° 49' 05.6769" 102° 37' 21.5151" 1182.650 
37 4632331.593 697453.359 41° 49' 05.6708" 102° 37' 21.4836" 1182.661 
38 4632303.609 697928.964 41° 49' 04.3361" 102° 37' 00.9195" 1182.296 
39 4632303.652 697929.723 41° 49' 04.3368" 102° 37' 00.8866" 1182.276 
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Tie 
Point 
Northing 
(m) 
Easting 
(m) 
Latitude 
(N) 
Longitude 
(W) 
Elev. 
(m)  
40 4632210.644 698088.518 41° 49' 01.1805" 102° 36' 54.1213" 1176.833 
41 4632210.285 698088.316 41° 49' 01.1691" 102° 36' 54.1305" 1176.859 
42 4631927.156 698598.144 41° 48' 51.5363" 102° 36' 32.3926" 1187.157 
43 4631926.683 698597.957 41° 48' 51.5211" 102° 36' 32.4013" 1187.144 
44 4631843.714 698464.508 41° 48' 48.9538" 102° 36' 38.2803" 1183.910 
45 4631843.649 698465.099 41° 48' 48.9512" 102° 36' 38.2548" 1183.923 
46 4631734.358 700129.831 41° 48' 43.9003" 102° 35' 26.2971" 1174.090 
47 4631734.821 700129.781 41° 48' 43.9153" 102° 35' 26.2987" 1174.071 
48 4631493.092 700194.687 41° 48' 36.0250" 102° 35' 23.7817" 1178.326 
49 4631492.647 700194.444 41° 48' 36.0109" 102° 35' 23.7928" 1178.345 
50 4631650.823 700272.604 41° 48' 41.0639" 102° 35' 20.2161" 1185.840 
51 4631651.505 700272.372 41° 48' 41.0862" 102° 35' 20.2253" 1185.853 
52 4631882.856 700137.693 41° 48' 48.7039" 102° 35' 25.7762" 1181.116 
53 4631882.489 700138.278 41° 48' 48.6914" 102° 35' 25.7513" 1181.147 
54 4632262.225 699868.887 41° 49' 01.2388" 102° 35' 36.9564" 1180.841 
55 4632262.228 699868.333 41° 49' 01.2394" 102° 35' 36.9804" 1180.848 
56 4632566.558 699869.245 41° 49' 11.0977" 102° 35' 36.5716" 1183.301 
57 4632566.781 699869.834 41° 49' 11.1044" 102° 35' 36.5458" 1183.310 
58 4632938.560 700209.850 41° 49' 22.8390" 102° 35' 21.3682" 1183.253 
59 4632938.651 700210.254 41° 49' 22.8415" 102° 35' 21.3506" 1183.269 
60 4633560.057 700386.727 41° 49' 42.8117" 102° 35' 12.9511" 1181.882 
61 4633560.058 700387.266 41° 49' 42.8112" 102° 35' 12.9278" 1181.907 
62 4633890.498 700267.930 41° 49' 53.6251" 102° 35' 17.6947" 1180.287 
63 4633890.693 700267.450 41° 49' 53.6319" 102° 35' 17.7152" 1180.298 
64 4634222.073 700031.956 41° 50' 04.5820" 102° 35' 27.5132" 1183.759 
65 4634221.483 700031.538 41° 50' 04.5633" 102° 35' 27.5320" 1183.710 
66 4633771.140 699547.594 41° 49' 50.4143" 102° 35' 49.0419" 1180.287 
67 4633771.306 699548.175 41° 49' 50.4191" 102° 35' 49.0165" 1180.324 
68 4633311.495 699399.898 41° 49' 35.6576" 102° 35' 55.9963" 1187.604 
69 4633312.113 699399.952 41° 49' 35.6776" 102° 35' 55.9932" 1187.628 
70 4630804.427 700499.795 41° 48' 13.4367" 102° 35' 11.4079" 1173.245 
71 4630807.622 700507.442 41° 48' 13.5332" 102° 35' 11.0729" 1173.609 
72 4632854.850 698177.577 41° 49' 21.9704" 102° 36' 49.4892" 1184.505 
73 4632854.395 698177.188 41° 49' 21.9560" 102° 36' 49.5066" 1184.479 
74 4633177.586 699123.284 41° 49' 31.5705" 102° 36' 08.1393" 1189.675 
75 4633177.317 699122.790 41° 49' 31.5622" 102° 36' 08.1611" 1189.656 
76 4632138.323 699133.363 41° 48' 57.8928" 102° 36' 08.9595" 1182.359 
77 4632138.292 699132.662 41° 48' 57.8925" 102° 36' 08.9899" 1182.406 
78 4631902.660 699465.067 41° 48' 49.9572" 102° 35' 54.8800" 1190.686 
79 4631902.971 699464.428 41° 48' 49.9679" 102° 35' 54.9073" 1190.685 
80 4631797.428 699764.510 41° 48' 46.2760" 102° 35' 42.0403" 1177.508 
81 4631797.837 699764.627 41° 48' 46.2891" 102° 35' 42.0347" 1177.492 
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Appendix 7.  Well location and dimensions in the area of saline lakes, Garden County, Nebraska 
Code Northing (m) 
Easting 
(m) 
Latitude 
(N) 
Longitude 
(W) 
Top of 
casing 
elevation 
(m asl) 
date  
constructed 
drilled
depth
(m) 
pipe 
length
(m) 
stick
up 
(cm) 
well  
diameter
(cm) 
H01 4631732 699730 41°48’44.1878” 102°35’43.6141” 1179.028 17-Jun-08 7.6 6.7 45 2.5 
H02 4632092 699072 41°48’56.4478” 102°36’11.6729” 1177.017 17-Jun-08 7.6 6.7 14 2.5 
H03 4632089 698623 41°48’56.7571” 102°36’31.1211” 1181.426 17-Jun-08 7.6 7.8 28 2.5 
H04 4631639 698555 41°48’42.2400” 102°36’34.6083” 1176.369 18-Jun-08 5.8 4.8 28 2.5 
H05 4630873 698652 41°48’17.3364” 102°36’31.3313” 1175.908 18-Jun-08 4.0 3.7 9 2.5 
H06 4630779 697440 41°48’15.3834” 102°37’23.9227” 1183.413 18-Jun-08 7.6 7.8 28 2.5 
H07 4630816 697461 41°48’16.5632” 102°37’22.9691” 1180.231 18-Jun-08 7.6 6.7 25 2.5 
H08 4632211 698089 41°49’01.1806” 102°36’54.1214” 1176.742 19-Jun-08 7.6 6.7 41 2.5 
H09 4632211 698089 41°49’01.1806” 102°36’54.1214” 1176.687 19-Jun-08 3.0 3.4 33 2.5 
H10 4632342 697264 41°49’06.1781” 102°37’29.6720” 1181.584 19-Jun-08 7.6 6.7 18 2.5 
H11 4632645 699882 41°49’13.6274” 102°35’35.9240” 1176.061 20-Jun-08 7.6 5.8 25 2.5 
H12 4631470 697076 41°48’38.0966” 102°37’38.8573” 1181.527 20-Jun-08 7.6 8.1 18 2.5 
H13 4633338 700026 41°49’35.9469” 102°35’28.8456” 1177.753 21-Jun-08 5.8 5.2 20 2.5 
H14 4633307 699994 41°49’34.9718” 102°35’30.2693” 1174.729 21-Jun-08 3.0 3.3 25 2.5 
H15 4632997 699069 41°49’25.7694” 102°36’10.7089” 1176.753 21-Jun-08 4.0 4.2 11 2.5 
H16 4632969 699035 41°49’24.8931” 102°36’12.2154” 1175.504 21-Jun-08 3.0 3.1 14 2.5 
H17 4633043 698216 41°49’28.0312” 102°36’47.5986” 1177.030 21-Jun-08 3.0 3.2 18 2.5 
H18 4632863 698327 41°49’22.0996” 102°36’43.0077” 1175.483 21-Jun-08 3.0 3.0 4 2.5 
H19 4631131 700421 41°48’24.0884” 102°35’14.4224” 1174.202 22-Jun-08 3.0 3.1 13 2.5 
H20 4631127 700422 41°48’23.9579” 102°35’14.3840” 1174.023 22-Jun-08 4.0 3.2 14 2.5 
H21 4630528 700461 41°48’04.5169” 102°35’13.4238” 1175.018 22-Jun-08 7.6 6.5 9 2.5 
H22 4630620 700466 41°48’07.4928” 102°35’13.0955” 1175.055 22-Jun-08 4.0 4.1 11 2.5 
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code Northing (m) 
Easting
(m) 
Latitude 
(N) 
Longitude 
(W) 
Top of 
casing 
elevation 
(m asl) 
date  
constructed 
drilled
depth
(m) 
pipe 
length
(m) 
stick
up 
(cm) 
well  
diameter
(cm) 
H23 4630947 700011 41°48’18.501” 102°35’32.3986” 1176.708 22-Jun-08 3.0 3.2 25 2.5 
H24 4633144 698130 41°49’31.3809” 102°36’51.2019” 1183.672 23-Jun-08 7.6 7.9 27 2.5 
H25 4633079 698185 41°49’29.2255” 102°36’48.8979” 1179.148 23-Jun-08 6.7 6.6 25 2.5 
H26 4632197 698700 41°49’00.1863" 102°36’27.6562" 1178.098 23-Jun-08 7.6 4.9 15 2.5 
NW-W2 4632650 698071 41°49’15.4450" 102°36’54.3350" 1178.241 12-Dec-07 9.6 9.6 86 10.2 
NW-W4 4632655 698075 41°49’15.5980" 102°36’54.1930" 1178.343 12-Dec-07 31.4 31.4 91 10.2 
OHM-W4 4631667 700164 41°48’41.6900" 102°35’24.9126" 1177.164 26-May-08 24.7 24.7 56 10.2 
SE-W2 4631564 700628 41°48’37.9375" 102°35’04.9484" 1175.472 11-Dec-07 13.6 13.6 30 5.1 
SE-W4 4631571 700627 41°48’38.1664" 102°35’04.9473" 1175.774 11-Dec-07 25.6 25.6 46 10.2 
SE-W4B 4631568 700628 41°48’38.0566" 102°35’04.9273" 1175.865 24-Jul-08 32.0 30.5 -o- 10.8 
SOLAR-E 4632814 700000 41°49’18.9949" 102°35’30.6083" 1175.610 n.a. n.a. 20.3 53 10.8 
SOLAR-W 4632277 698758 41°49’02.7285" 102°36’25.0348" 1176.368 n.a. n.a. 18.3 55 10.8 
WM 4633249 698469 41°49’34.4733" 102°36’36.4007" 1178.824 n.a. n.a. 34.9 49 10.8 
WM-N1 4634640 700443 41°50’17.7506" 102°35’09.2095" 1178.325 n.a. n.a. 25.3 94 10.8 
WM-N2 4633793 699782 41°49’50.9241" 102°35’38.8535" 1177.667 n.a. n.a. 15.3 28 10.8 
WM-R 4631213 700163 41°48’26.9800" 102°35’25.4941" 1174.641 n.a. n.a. 18.3 33 10.8 
WM-W1 4631936 697201 41°48’53.0815" 102°37’32.8865" 1178.502 n.a. n.a. 19.5 61 10.8 
WM-W2 4630470 697895 41°48’04.9634" 102°37’4.59270" 1177.706 n.a. n.a. 16.2 46 10.8 
ALK-W4 4632694 699863 41°49’15.2321" 102°35’36.6874" 1175.502 24-Jul-08 25.9 15.2 66 10.8 
A1 (Vibra-west) 4632169 699448 41°48'58.7" 102°35'55.3"  24-Jun-09 2.35 1.61 0.39 5.1 
A2 (Vibra-east) 4632676 699732 41°49'14.9" 102°35'42.4"  24-Jun-09 2.2 2.03 0.38 5.1 
J1 (Jetted, 2m, west) 4632347 698995 41°49'4.9" 102°36'14.7"  18-Jul-09 2.0 3.04 1.02 2.5 
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Appendix 8.  Well location and dimensions in the area of freshwater lakes, Garden County, Nebraska 
 
 
 
 
 
 
 
 
 
 
 
n.a. = data not available 
 
*drilled in 1984, no other data available 
Code Northing (m) 
Easting 
(m) 
Latitude 
(N) 
Longitude 
(W) 
Top of 
casing 
elevation
(m asl) 
date  
constructed 
drilled
depth
(m) 
pipe 
length
(m) 
stick
up 
(cm) 
well  
diameter
(cm) 
G01 4626257 713313 41°45' 34.0686" 102°26' 02.5513" 1162.889 22-Jul-08 5.8 5.9 20 2.5 
G02 4626257 713313 41°45' 34.0686" 102°26' 2.55130" 1162.677 22-Jul-08 3.7 3.0 13 3.2 
G03 4625936 713807 41°45' 23.1911" 102°25' 41.5950" 1161.532 22-Jul-08 5.8 5.8 13 3.2 
G04 4625362 713883 41°45' 04.5239" 102°25' 39.0502" 1162.790 22-Jul-08 6.7 5.8 15 3.2 
G05 4625844 713441 41°45' 20.5663" 102°25' 57.5473" 1162.669 23-Jul-08 5.8 5.8 20 3.2 
G06 4625565 713434 41°45' 11.5355" 102°25' 58.2105" 1163.126 23-Jul-08 6.7 6.7 28 3.2 
G07 4625258 713575 41°45' 01.4541" 102°25' 52.5078" 1160.735 23-Jul-08 3.8 3.7 29 3.2 
G08 4625574 713148 41°45' 12.1042" 102°26' 10.5708" 1161.244 23-Jul-08 4.0 3.7 18 3.2 
G09 4625849 712771 41°45' 21.3771" 102°26' 26.5253" 1163.011 28-Jul-08 5.8 4.9 13 3.2 
G10 4625024 713978 41°44' 53.4829" 102°25' 35.3783" 1159.244 28-Jul-08 3.0 3.0 13 3.2 
G11 4626238 712684 41°45' 34.0620" 102°26' 29.7882" 1160.045 1984 26.2* 26.2* 21 5.1 
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Appendix 9 
Groundwater level measurements from wells in the area of saline lakes, Garden County, Nebrska Sand Hills  
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Appendix 9a.  Water level measurements from wells in the area of saline lakes (feet below reference elevation) 
  
Well Ref. elev (f asl) 6/24/08 7/19/08 8/15/08 2/21/09 3/19/09 5/31/09 6/28/09 3/16/10 7/10/10 10/19/10 
H01 3867.212 16.94 17.21 17.44 17.19 17.16 16.94 17.04 16.43 15.78 15.98
H02 3860.616 9.96 10.13 10.34 10.05 10.06 9.99 10.03 9.47 8.93 9.11
H03 3875.077 23.37 23.62 23.94 23.44 23.37 23.18 23.21 22.77 22.19 22.79
H04 3858.490 6.23 6.26 6.43 6.69 6.61 6.23 6.18 5.92 4.88 5.06
H05 3856.978 4.43 4.47 4.60 4.91 4.90 4.45 4.40 4.08 2.87 3.11
H06 3881.595 25.49 25.68 n.a. 25.60 25.54 25.30 25.33 24.84 24.28 25.13
H07 3871.158 15.49 15.47 16.04 15.32 15.29 15.19 15.26 14.36 14.12 15.12
H08 3859.714 6.18 6.82 7.28 5.97 5.92 5.93 6.07 4.62 5.16 6.1
H09 3859.533 5.95 6.21 7.19 5.75 5.75 5.69 5.87 4.32 4.91 5.95
H10 3875.596 17.63 17.68 17.87 17.79 17.71 17.54 17.53 17.32 16.4 16.78
H11 3857.480 7.79 7.84 8.14 7.92 7.89 7.58 7.61 6.99 6.05 6.94
H12 3875.409 17.79 17.97 18.36 17.55 17.53 17.45 17.32 16.72 16.41 17.18
H13 3863.030 12.17 12.81 13.39 12.23 12.23 12.12 12.16 11.04 10.74 11.85
H14 3853.111 2.44 3.10 3.57 2.35 2.37 2.35 2.38 1.05 0.95 2.09
H15 3859.750 8.35 8.92 9.48 8.07 8.10 8.20 8.36 7.05 7.22 No data
H16 3855.653 4.67 5.35 5.98 4.19 4.29 4.53 4.72 3.10 3.67 No data
H17 3860.658 5.70 6.13 6.43 5.72 5.63 5.49 5.62 4.53 4.55 5.29
H18 3855.584 3.51 3.71 4.18 1.83 2.08 2.94 3.18 damaged damaged damaged
H19 3851.383 4.09 4.33 4.49 4.14 4.09 3.91 4.03 3.06 2.48 3.1
H20 3850.795 3.65 3.81 3.99 3.61 3.61 3.40 3.54 2.47 2.06 2.68
H21 3854.059 9.98 10.17 10.38 10.25 10.23 9.94 10.00 9.28 8.35 8.85
H22 3854.180 6.97 7.17 7.31 7.13 7.14 6.90 6.96 6.11 5.38 5.85
H23 3859.602 5.38 5.65 5.90 5.38 5.36 5.27 5.36 4.34 3.77 4.39
H24 3882.444 dry dry dry dry dry dry dry dry 25.14 25.17
H25 3867.605 11.89 12.05 12.37 12.02 11.95 11.72 11.77 11.21 10.86 11.22
H26 3864.161 12.99 13.29 13.63 12.86 12.86 12.84 12.91 12.10 11.81 12.47
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Well Ref. elev (f asl) 6/24/08 7/19/08 8/15/08 2/21/09 3/19/09 5/31/09 6/28/09 3/16/10 7/10/10 10/19/10
NW-W2 3864.630 10.11 10.58 10.99 10.16 10.06 9.92 10.03 9.18 9.08 9.95
NW-W4 3864.965 9.87 10.20 10.52 9.83 9.82 9.77 9.84 9.08 8.91 9.3
OHM-W4 3861.098 12.20 12.35 12.59 12.41 12.40 12.23 12.26 11.75 10.99 11.02
SE-W2 3855.548 7.68 7.77 7.91 8.07 n.a. 7.75 7.77 7.52 6.23 6.15
SE-W4B 3856.837 n.a. 9.42 9.59 9.41 9.35 9.20 9.21 8.76 7.89 7.87
SOLAR-E 3856.001 5.81 6.11 6.41 5.93 5.93 5.76 5.81 5.03 4.41 5.02
SOLAR-W 3858.487 6.43 6.68 6.95 6.33 6.33 6.29 6.37 5.52 5.17 5.63
WM 3866.543 11.76 11.53 11.85 11.30 11.27 11.21 11.26 10.78 10.64 14.68
WM-N2 3862.748 10.36 10.84 11.18 10.19 10.20 10.23 10.27 9.04 9.08 No data
WM-R 3852.822 4.22 4.335 4.15 4.4 4.34 n.a. 4.08 3.56 2.74 2.89
WM-W1 3865.487 8.44 8.78 9.18 8.075 8.91 8.28 8.36 7.61 7.55 8.45
WM-W2 3862.876 8.96 9.36 10.72 8.875 8.86 n.a. 8.79 7.61 7.06 8.4
ALK-W4 3855.647 n.a. n.a. 6.00 5.71 5.70 5.52 5.57 4.80 4.15 4.84
n.a. = data not available
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Appendix 9b.  Groundwater level measurements from wells in the area of saline lakes (meters below reference elevation) 
 
Well Ref. elev (m asl) 6/24/08 7/19/08 8/15/08 2/21/09 3/19/09 5/31/09 6/28/09 3/16/10 7/10/10 10/19/10 
H01 1179.028 5.165 5.247 5.317 5.241 5.232 5.165 5.195 5.009 4.811 4.872
H02 1177.017 3.037 3.088 3.152 3.063 3.067 3.046 3.058 2.887 2.723 2.777
H03 1181.426 7.125 7.200 7.299 7.146 7.125 7.067 7.076 6.942 6.765 6.948
H04 1176.369 1.899 1.909 1.960 2.040 2.015 1.899 1.884 1.805 1.488 1.543
H05 1175.908 1.351 1.361 1.402 1.497 1.494 1.357 1.341 1.244 0.875 0.948
H06 1183.413 7.771 7.829 n.a. 7.805 7.787 7.713 7.723 7.573 7.402 7.662
H07 1180.231 4.723 4.716 4.890 4.671 4.660 4.631 4.652 4.378 4.305 4.610
H08 1176.742 1.884 2.078 2.220 1.820 1.803 1.808 1.851 1.409 1.573 1.860
H09 1176.687 1.814 1.893 2.192 1.753 1.752 1.735 1.790 1.317 1.497 1.814
H10 1181.584 5.375 5.390 5.447 5.422 5.399 5.348 5.345 5.280 5.000 5.116
H11 1176.061 2.375 2.389 2.482 2.413 2.405 2.311 2.320 2.131 1.845 2.116
H12 1181.527 5.424 5.479 5.598 5.351 5.345 5.320 5.280 5.098 5.003 5.238
H13 1177.753 3.710 3.905 4.082 3.729 3.729 3.695 3.707 3.366 3.274 3.613
H14 1174.729 0.744 0.945 1.088 0.716 0.723 0.716 0.726 0.320 0.290 0.637
H15 1176.753 2.546 2.718 2.890 2.459 2.470 2.500 2.549 2.149 2.201 No data
H16 1175.504 1.424 1.631 1.823 1.277 1.308 1.381 1.439 0.945 1.119 No data
H17 1177.03 1.738 1.869 1.960 1.744 1.716 1.674 1.713 1.381 1.387 1.613
H18 1175.483 1.070 1.131 1.274 0.558 0.634 0.896 0.970 damaged damaged damaged 
H19 1174.202 1.247 1.319 1.369 1.262 1.247 1.192 1.229 0.933 0.756 0.945
H20 1174.023 1.113 1.162 1.216 1.101 1.101 1.037 1.079 0.753 0.628 0.817
H21 1175.018 3.043 3.101 3.165 3.125 3.119 3.030 3.049 2.829 2.546 2.698
H22 1175.055 2.125 2.186 2.229 2.174 2.177 2.104 2.122 1.863 1.640 1.784
H23 1176.708 1.640 1.723 1.799 1.640 1.634 1.607 1.634 1.323 1.149 1.338
H24 1183.672 dry dry dry dry dry dry dry dry 7.665 7.674
H25 1179.148 3.625 3.672 3.771 3.665 3.643 3.573 3.588 3.418 3.311 3.421
H26 1178.098 3.960 4.050 4.155 3.919 3.919 3.915 3.936 3.689 3.601 3.802
 
 
254 
 
 
 
 
 
Well Ref. elev  6/24/08 7/19/08 8/15/08 2/21/09 3/19/09 5/31/09 6/28/09 3/16/10 7/10/10 10/19/10
NW-W2 1178.241 3.082 3.226 3.351 3.098 3.067 3.024 3.058 2.799 2.768 3.034
NW-W4 1178.343 3.009 3.108 3.207 2.995 2.994 2.979 3.000 2.768 2.716 2.835
OHM-W4 1177.164 3.720 3.765 3.837 3.782 3.780 3.729 3.738 3.582 3.351 3.360
SE-W2 1175.472 2.341 2.367 2.412 2.460 n.a. 2.363 2.369 2.293 2.204 1.875
SE-W4B 1175.865 n.a. 2.870 2.924 2.869 2.851 2.805 2.808 2.671 2.405 2.399
SOLAR-E 1175.61 1.771 1.863 1.954 1.806 1.808 1.756 1.771 1.534 1.345 1.530
SOLAR-W 1176.368 1.960 2.035 2.117 1.930 1.930 1.918 1.942 1.683 1.576 1.716
WM 1178.824 3.585 3.515 3.613 3.445 3.436 3.418 3.433 3.287 3.244 4.476
WM-N2 1177.667 3.159 3.305 3.409 3.107 3.110 3.119 3.131 2.756 2.768 n.a.
WM-R 1174.641 1.287 1.322 1.265 1.341 1.323 n.a. 1.244 1.085 0.835 0.881
WM-W1 1178.502 2.573 2.677 2.799 2.462 2.716 2.524 2.549 2.320 2.302 2.576
WM-W2 1177.706 2.732 2.854 3.268 2.706 2.701 n.a 2.680 2.320 2.152 2.561
ALK_W4 1175.502 n.a. n.a. 1.829 1.741 1.738 1.683 1.698 1.463 1.265 1.476
n.a. = data not available
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Appendix 9c.   Groundwater level measurements from wells in the area of saline lakes (m asl) 
 
Well Ref. elev  24-Jun-08 19-Jul-08 15-Aug-08 21-Feb-09 19-Mar-09 31-May-09 28-Jun-09 16-Mar-10 10-Jul-10
H01 1179.028 1173.863 1173.781 1173.711 1173.787 1173.796 1173.863 1173.833 1174.019 1174.217
H02 1177.017 1173.980 1173.929 1173.865 1173.955 1173.950 1173.971 1173.959 1174.130 1174.294
H03 1181.426 1174.301 1174.226 1174.127 1174.280 1174.301 1174.359 1174.350 1174.484 1174.661
H04 1176.369 1174.470 1174.460 1174.409 1174.329 1174.354 1174.470 1174.485 1174.564 1174.881
H05 1175.908 1174.557 1174.547 1174.506 1174.411 1174.414 1174.551 1174.567 1174.664 1175.033
H06 1183.413 1175.642 1175.584 n.a 1175.608 1175.626 1175.700 1175.690 1175.840 1176.011
H07 1180.231 1175.508 1175.515 1175.341 1175.560 1175.571 1175.600 1175.579 1175.853 1175.926
H08 1176.742 1174.858 1174.664 1174.522 1174.922 1174.939 1174.934 1174.891 1175.333 1175.169
H09 1176.687 1174.873 1174.794 1174.495 1174.934 1174.935 1174.952 1174.897 1175.370 1175.190
H10 1181.584 1176.209 1176.194 1176.137 1176.162 1176.185 1176.236 1176.239 1176.304 1176.584
H11 1176.061 1173.686 1173.672 1173.579 1173.648 1173.656 1173.750 1173.741 1173.930 1174.216
H12 1181.527 1176.103 1176.048 1175.929 1176.176 1176.182 1176.207 1176.247 1176.429 1176.524
H13 1177.753 1174.043 1173.848 1173.671 1174.024 1174.024 1174.058 1174.046 1174.387 1174.479
H14 1174.729 1173.985 1173.784 1173.641 1174.013 1174.006 1174.013 1174.003 1174.409 1174.439
H15 1176.753 1174.207 1174.035 1173.863 1174.294 1174.283 1174.253 1174.204 1174.604 no data 
H16 1175.504 1174.080 1173.873 1173.681 1174.227 1174.196 1174.123 1174.065 1174.559 no data 
H17 1177.03 1175.292 1175.161 1175.070 1175.286 1175.314 1175.356 1175.317 1175.649 1175.643
H18 1175.483 1174.413 1174.352 1174.209 1174.925 1174.849 1174.587 1174.513 damaged damaged 
H19 1174.202 1172.955 1172.883 1172.833 1172.940 1172.955 1173.010 1172.973 1173.269 1173.446
H20 1174.023 1172.910 1172.861 1172.807 1172.922 1172.922 1172.986 1172.944 1173.270 1173.395
H21 1175.018 1171.975 1171.917 1171.853 1171.893 1171.899 1171.988 1171.969 1172.189 1172.472
H22 1175.055 1172.930 1172.869 1172.826 1172.881 1172.878 1172.951 1172.933 1173.192 1173.415
H23 1176.708 1175.068 1174.985 1174.909 1175.068 1175.074 1175.101 1175.074 1175.385 1175.559
H24 1183.672 dry dry dry dry dry dry dry dry 1176.007
H25 1179.148 1175.523 1175.476 1175.377 1175.483 1175.505 1175.575 1175.560 1175.730 1175.837
H26 1178.098 1174.138 1174.048 1173.943 1174.179 1174.179 1174.183 1174.162 1174.409 1174.497
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Well  Ref. elev  24-Jun-08 19-Jul-08 15-Aug-08 21-Feb-09 19-Mar-09 31-May-09 28-Jun-09 16-Mar-10 10-Jul-10
NW-W2 1178.241 1175.159 1175.015 1174.890 1175.143 1175.174 1175.217 1175.183 1175.442 1175.473
NW-W4 1178.343 1175.334 1175.235 1175.136 1175.348 1175.349 1175.364 1175.343 1175.575 1175.627
OHM-W4 1177.164 1173.444 1173.399 1173.327 1173.382 1173.384 1173.435 1173.426 1173.582 1173.813
SE-W2 1175.472 1173.131 1173.105 1173.060 1173.012 n.a. 1173.109 1173.103 1173.179 1173.268
SE-W4B 1175.865 n.a. 1172.995 1172.941 1172.996 1173.014 1173.060 1173.057 1173.194 1173.460
SOLAR-E 1175.61 1173.839 1173.747 1173.656 1173.804 1173.802 1173.854 1173.839 1174.076 1174.265
SOLAR-W 1176.368 1174.408 1174.333 1174.251 1174.438 1174.438 1174.450 1174.426 1174.685 1174.792
WM 1178.824 1175.239 1175.309 1175.211 1175.379 1175.388 1175.406 1175.391 1175.537 1175.580
WM-N2 1177.667 1174.508 1174.362 1174.258 1174.560 1174.557 1174.548 1174.536 1174.911 1174.899
WM-R1 1174.641 1173.354 1173.319 1173.376 1173.300 1173.318 n.a. 1173.397 1173.556 1173.806
WM-W1 1178.502 1175.929 1175.825 1175.703 1176.040 1175.786 1175.978 1175.953 1176.182 1176.200
WM-W2 1177.706 1174.974 1174.852 1174.438 1175.000 1175.005 No data 1175.026 1175.386 1175.554
ALK_W4 1175.502 n.a. n.a. 1173.673 1173.761 1173.764 1173.819 1173.804 1174.039 1174.237
n.a. = data not available
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Appendix 10 
 Groundwater level measurements in the area of freshwater lakes, Garden County, Nebraska Sand Hills 
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Appendix 10a.  Groundwater level measurements from wells in the area of freshwater lakes (feet below reference elevation) 
 
Well Ref. elev (feet asl) 06/30/08 08/16/08 03/21/09 03/18/09 05/31/09 06/28/09 03/17/10 06/08/10 10/19/10 
G01 3814.276 8.62 8.70 8.36 8.09 8.09 7.94 7.03 6.41 6.77
G02 3813.580 7.85 7.94 7.55 7.48 7.33 7.05 6.33 5.69 6.11
G03 3809.825 9.52 9.62 8.92 8.87 8.60 8.42 7.59 7.3 7.36
G04 3813.950 15.41 15.58 15.28 15.23 14.75 14.50 13.91 13.04 13.45
G05 3813.554 12.46 12.52 11.80 11.83 11.65 11.48 10.59 10.37 10.97
G06 3815.052 14.82 14.93 14.33 14.24 14.01 13.84 13.13 12.51 13.27
G07 3807.212 8.29 8.42 7.98 7.94 7.50 7.15 6.43 5.34 6.46
G08 3808.880 7.73 7.84 7.41 7.31 7.05 6.73 5.88 5.23 6.19
G09 3814.676 10.03 10.03 9.58 9.55 9.38 9.17 8.19 7.8 7.99
G10 3802.321 4.63 4.73 4.82 4.76 4.11 3.58 3.07 1.95 2.57
G11* 3804.947 n.a.  -2.28 -2.53 -2.54 -2.74 -2.98 -3.96 -4.28  No data
 
G11 is locally called the “Geyser”, a free flowing well.  
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Appendix 10b.  Groundwater level measurements from wells in the area of freshwater lakes (meters below reference elevation) 
 
Well Ref. elev (m asl)  06/30/08 08/16/08 03/21/09 03/18/09 05/31/09 06/28/09 03/17/10 06/08/10 10/19/10 
G01 1162.889 2.628 2.652 2.547 2.466 2.466 2.421 2.143 1.954 2.064 
G02 1162.677 2.393 2.421 2.302 2.280 2.235 2.149 1.930 1.735 1.863 
G03 1161.532 2.901 2.933 2.720 2.704 2.622 2.567 2.314 2.226 2.244 
G04 1162.790 4.698 4.750 4.657 4.643 4.497 4.421 4.241 3.976 4.101 
G05 1162.669 3.799 3.817 3.598 3.607 3.552 3.500 3.229 3.162 3.345 
G06 1163.126 4.518 4.552 4.369 4.341 4.271 4.220 4.003 3.814 4.046 
G07 1160.735 2.527 2.566 2.433 2.421 2.287 2.180 1.960 1.628 1.970 
G08 1161.244 2.357 2.390 2.259 2.229 2.149 2.052 1.793 1.595 1.887 
G09 1163.011 3.058 3.056 2.921 2.912 2.860 2.796 2.497 2.378 2.436 
G10 1159.244 1.412 1.442 1.468 1.451 1.253 1.091 0.936 0.595 0.784 
G11* 1160.045 n.a. -0.695 -0.770 -0.773 -0.836 -0.907 -1.208 -1.305 n.a. 
 
G11 is locally called the “Geyser”, a free flowing well.   
n.a. = data not available
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Appendix 10c.    Groundwater level measurements from wells in the area of freshwater lakes (m asl) 
 
Well Ref. elev 06/30/08 08/16/08 03/21/09 03/18/09 05/31/09 06/28/09 03/17/10 06/08/10 10/19/10 
G01 1162.889 1160.261 1160.237 1160.342 1160.423 1160.423 1160.468 1160.746 1160.935 1160.825
G02 1162.677 1160.284 1160.256 1160.375 1160.396 1160.442 1160.528 1160.747 1160.942 1160.814
G03 1161.532 1158.631 1158.599 1158.812 1158.828 1158.910 1158.965 1159.218 1159.306 1159.288
G04 1162.790 1158.091 1158.040 1158.133 1158.146 1158.293 1158.369 1158.549 1158.814 1158.689
G05 1162.669 1158.870 1158.852 1159.071 1159.062 1159.117 1159.169 1159.440 1159.507 1159.324
G06 1163.126 1158.607 1158.574 1158.757 1158.784 1158.854 1158.906 1159.123 1159.312 1159.080
G07 1160.735 1158.208 1158.170 1158.302 1158.315 1158.449 1158.555 1158.775 1159.107 1158.766
G08 1161.244 1158.887 1158.854 1158.985 1159.015 1159.095 1159.192 1159.451 1159.649 1159.357
G09 1163.011 1159.953 1159.955 1160.090 1160.099 1160.151 1160.215 1160.514 1160.633 1160.575
G10 1159.244 1157.833 1157.802 1157.776 1157.793 1157.991 1158.153 1158.308 1158.650 1158.461
G11* 1160.045 n.a.  1160.740 1160.815 1160.818 1160.881 1160.952 1161.253 1161.350 n.a. 
 
G11 is locally called the “Geyser”, a free flowing well.   
n.a. = data not available
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Appendix 11.  Water level and temperature measurements for data loggers  
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Appensix 11a.  Groundwater level measurements from data logger (datum relative to deployed depth of transducer) 
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Appendix 11b.  Groundwater level measurements from data logger (datum is relative to mean sea level) 
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Appendix 11c.  Groundwater temperature from data logger 
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Appendix 12.  Summary of lake level measurements 
 
Staff gauges were installed in Alkali, Ohm, Rayleigh, and Wilson Lakes.  A staff gauge at Gimlet 
is maintained by the LakeThe Crescent Lake National Wildlife Refuge.     
 
*reference elevation of the staff gauge at Ohm Lake may be incorrect and needs to be resurveyed. 
 
Location of the staff gauges: 
Lake Latitude (N) Longitude (W) Northing (m) Easting (m) 
Alkali 41°49'05.0" 102°36'17.2" 4632348 698937 
Ohm 41°48'42.8" 102°35'28.3" 4631697 700084 
Rayleigh 41°48'13.0" 102°35'12.8" 4630786 700467 
Wilson 41°48'42.0" 102°36'43.8" 4631621 698342 
Gimlet 41°45'34.2" 102°26'29.9" 4626239 712680 
 
Lake Date Time 
Staff  
Gauge  
Reading 
Staff 
Gauge 
units 
Reference 
elevation  
(m asl) 
Water 
 Level 
 readings  
(m asl) 
8/14/08  9 1173.336
8/15/08 12:45 PM 13 1173.376
5/2/10 7:56 AM 56 1173.806Alkali 
10/19/10 9:59 AM 37
cm 1173.246 
1173.616
8/14/08  0 1173.864
8/15/08 2:22 PM 7 1173.934
2/21/09 12:56 PM 16 1174.024
3/20/09 7:22 PM 5 1173.914
5/27/09 4:45 PM 18 1174.044
5/30/09 2:35 PM 18 1174.044
6/1/09 4:16 PM 16.5 1174.029
7/19/09 4:37 PM 18 1174.044
3/17/10 3:38 PM 30 1174.164
5/1/10 3:11 PM 36 1174.224
Ohm 
5/3/10 9:10 AM 34
cm 1173.864* 
1174.204
8/14/08  9 1172.885
8/15/08 4:23 PM 16.5 1172.960Rayleigh 
6/27/09 3:40 PM 18
cm 1172.795 
1172.975
8/14/08 4:00 PM 23 1174.772Wilson 8/15/08 1:00 PM 28 cm 1174.542 1174.822
7/29/08 7:35 PM 0.61 1158.211
8/16/08 11:43 AM 0.53 1159.188
2/22/09 11:07 AM 0.50 1159.178
3/21/09 12:56 PM 0.58 1159.203
6/2/09 9:12 AM 0.90 1159.300
3/17/10 9:09 PM 2.24 1159.709
Gimlet 
10/19/10 7:07 AM 1.75
ft 1158.026 
1159.560
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Appendix 13. 
 
Profiles of specific electrical conductivity in wells 
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Appendix 13a.  Profiles of specific electrical conductance in wells 
   
Well Date Depth from ref  (ft) 
Temp  
(°C) 
Specific Elec. Cond. 
(mS/cm) 
10 9.6 0.251 
10 10.6 0.281 
NW-W2 
  
  
10-Feb-08 
  
  31 12.1 0.382 
15 9.7 0.249 
25 11.5 0.250 
35 12.1 0.248 
45 12.3 0.249 
55 12.3 0.249 
65 12.4 0.249 
75 12.6 0.248 
85 12.7 0.248 
95 12.7 0.251 
NW-W4 
  
  
  
  
  
  
  
  
  
10-Feb-08 
  
  
  
  
  
  
  
  
  104 12.8 0.252 
10 8.0 0.525 
15 9.9 0.530 
20 11.1 0.528 
25 12.0 0.528 
30 12.3 0.528 
35 12.4 0.533 
40 12.4 2.150 
SW-W2 
  
  
  
  
  
  
  
10-Feb-08 
  
  
  
  
  
  
  44 12.4 2.540 
10 9.4 0.864 
20 11.1 0.864 
30 12.1 1.094 
40 12.4 1.170 
50 12.3 1.169 
60 12.3 1.168 
70 12.4 1.165 
80 12.4 1.169 
SW-W4 
  
  
  
  
  
  
  
  
10-Feb-08 
  
  
  
  
  
  
  
  84 12.4 0.662 
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Well Date 
Depth from ref  
(ft) 
Temp  
(°C) 
Specific Elec. Cond. 
(mS/cm) 
10 1.070 0.904 
15 1.115 0.873 
20 1.112 0.852 
25 1.122 0.843 
30 1.125 0.844 
35 1.128 0.846 
40 1.128 0.849 
45 1.13 0.851 
50 1.131 0.854 
55 1.127 0.851 
60 1.13 0.854 
65 1.136 0.856 
70 1.136 0.858 
75 1.155 0.868 
80 1.162 0.874 
85 1.169 0.876 
90 1.214 0.912 
95 1.248 0.936 
100 1.25 0.938 
SE-W4B 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
19-Jul-08 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  105 0.7437 0.552 
10 8.3 0.226 
15 9 0.222 
20 9.9 0.221 
25 10.6 0.220 
30 11.1 0.221 
35 11.4 0.222 
40 11.4 0.223 
45 11.5 0.225 
50 11.5 0.231 
ALK-W4 
  
  
  
  
  
  
  
  
  
21-Feb-09 
  
  
  
  
  
  
  
  
  54 11.5 0.223 
15 10.3 1.173 
25 11.6 1.173 
35 12 1.170 
45 12 1.172 
55 11.8 1.255 
65 11.8 5.460 
75 11.8 5.510 
OHM-W4 
  
  
  
  
  
  
  
21-Feb-09 
  
  
  
  
  
  
  82 11.8 5.580 
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Appendix 13b.  Profiles of specific electrical conductance in wells 
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Appendix 14a.  Constant-head injection test data 
 
Location 1:  41°48'59.0"N, 102°35'54.7"W 
Reading ∆t (sec) 
elev  
(cm) 
Injected 
Volume 
(cm3) 
Q  
(ml/sec) 
K  
(m/day) 
Darcy Vel  
(m/day) 
 0 140.0        
1 10 135.0 3.6 0.36 9.4E-02 1.1E-02 
2 14 132.0 2.1 0.15 4.1E-02 4.9E-03 
3 12 130.0 1.4 0.12 3.3E-02 3.8E-03 
4 13 128.0 1.4 0.11 3.1E-02 3.6E-03 
5 68 124.0 2.8 0.04 1.2E-02 1.4E-03 
6 12 122.0 1.4 0.12 3.5E-02 4.1E-03 
7 24 120.0 1.4 0.06 1.8E-02 2.1E-03 
AVE 22 127.3 2.0 0.14 3.8E-02 4.4E-03 
SD 21 5.50 0.9 0.10 2.7E-02 3.2E-03 
CV (%) 95.4 42.5 4.3 76.0 71.6 71.6 
 
Location 2:  41°49'03.4"N, 102°36'17.5"W 
Reading ∆t (sec) 
elev  
(cm) 
Injected 
Volume 
(cm3) 
Q  
(ml/sec) 
K  
(m/day) 
Darcy Vel  
(m/day) 
  0 175.3       
1 404.4 174.6 120 0.30 0.061 1.2E-02 
2 460.2 174.0 100 0.22 0.045 9.1E-03 
3 390.0 173.6 80 0.21 0.042 8.6E-03 
AVE 418.2 174.1 100 0.24 4.9E-02 1.0E-02 
SD 37.1 0.520 20 0.05 1.0E-02 2.1E-03 
CV (%) 8.9 0.3 20.0 20.8 20.5 20.5 
 
Location 3:  41°49'14.6"N, 102°36'21.5"W 
Reading ∆t (sec) 
elev  
(cm) 
Injected 
Volume 
(cm3) 
Q  
(ml/sec) 
K  
(m/day) 
Darcy Vel. 
(m/day) 
1 25.19 185.7 5 0.198 3.8E-02 1.1E-02 
2 25.36 185.7 5 0.197 3.7E-02 1.1E-02 
3 25.83 185.7 5 0.194 3.7E-02 1.0E-02 
4 25.19 185.7 5 0.198 3.8E-02 1.1E-02 
AVE 25.4 185.7 5.0 0.2 4.3E-05 3.7E-02 
SD 0.3 0.0 0.0 0.0 5.1E-07 4.4E-04 
CV (%) 1.2 1.2 0.0 0.0 1.2 1.2 
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Location 4:  41°49'17.8"N, 102°36'00.8"W  
Reading ∆t (sec) 
elev  
(cm) 
Injected 
Volume 
(cm3) 
Q  
(ml/sec) 
K  
(m/day) 
Darcy Vel. 
(m/day) 
1 11.0 187.4 5.0 0.455 8.9E-02 8.4E-03 
2 10.0 187.4 5.0 0.500 9.8E-02 9.2E-03 
3 10.0 187.4 5.0 0.500 9.8E-02 9.2E-03 
4 11.0 187.4 5.0 0.455 8.9E-02 8.4E-03 
5 10.3 187.4 5.0 0.488 9.6E-02 9.0E-03 
AVE 10.5 187.4 5.0 0.5 9.4E-02 8.8E-03 
SD 0.5 0.0 0.0 0.0 4.6E-03 4.3E-04 
CV (%) 4.9 0.0 4.8 0.0 4.8 4.8 
 
Location 5:  41°49'05.3"N, 102°35'38.7"W 
Reading ∆t (sec) 
elev  
(cm) 
Injected 
Volume 
(cm3) 
Q  
(ml/sec) 
K  
(m/day) 
Darcy Vel. 
(m/day) 
  0 155.2   0.00    
1 124 153.5 50 0.40 9.1E-02 2.1E-02 
2 115 151.8 50 0.43 9.9E-02 2.3E-02 
3 116 150.1 50 0.43 9.9E-02 2.3E-02 
4 158 148.4 50 0.32 7.4E-02 1.7E-02 
5 116 146.7 50 0.43 1.0E-01 2.4E-02 
6 116 145.0 50 0.43 1.0E-01 2.4E-02 
7 160 143.3 50 0.31 7.5E-02 1.8E-02 
8 117 141.6 50 0.43 1.0E-01 2.5E-02 
9 126 140.0 50 0.40 9.8E-02 2.3E-02 
10 162 138.3 50 0.31 7.7E-02 1.8E-02 
11 127 136.6 50 0.39 9.9E-02 2.4E-02 
12 168 134.9 50 0.30 7.6E-02 1.8E-02 
13 133 133.2 50 0.38 9.7E-02 2.3E-02 
14 174 131.5 50 0.29 7.5E-02 1.8E-02 
15 133 129.8 50 0.38 1.0E-01 2.4E-02 
16 172 128.1 50 0.29 7.8E-02 1.9E-02 
17 183 126.4 50 0.27 7.5E-02 1.8E-02 
18 149 124.7 50 0.34 9.3E-02 2.2E-02 
AVE 142 139.1 50 0.36 9.0E-02 2.1E-02 
SD 23.8 9.0 0.0 0.06 1.2E-02 2.8E-03 
CV (%) 16.8 6.5 0.0 16.2 13.2 13.2 
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Alkali Lake:  41°49'15.0"N, 102°35'42.5"W 
No Pipe ID (cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
1 5.0 148.8 368 105 102.1 2.9 103.6 1.6 33.7 3.7E-02 
2 5.0 148.8 370 99 97.5 1.5 98.3 0.0 40.3 2.4E-02 
3 5.0 148.8 372 95 90.9 4.1 93.0 1.8 42.0 7.2E-02 
4 5.0 148.8 374 98.5 96.6 1.9 97.6 1.5 40.3 3.0E-02 
5 5.0 148.8 376 96 94.5 1.5 95.3 0 42.8 2.6E-02 
6 5.0 148.8 373 89 86.2 2.8 87.6 2.5 47.3 5.8E-02 
7 5.0 148.8 373 100.5 97.6 2.9 99.1 1.5 38.8 4.4E-02 
8 5.0 148.8 373 80 77.8 2.2 78.9 4.1 55.7 6.0E-02 
Ave. 5.0 148.8 372 95.4 92.9 2.5 94.1 1.6 42.6 4.4E-02 
SD 0.0 0.0 2.4 7.7 7.8 0.9 7.7 1.3 6.5 1.8E-02 
CV (%) 0.0 0.0 0.7 8.1 8.3 35.5 8.2 81.4 15.3 40.4 
 
No Pipe ID (cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
1 5.0 148.8 1649 105 95.8 9.2 100.4 1.6 33.7 2.7E-02 
2 5.0 148.8 1650 99 94.5 4.5 96.8 0.0 40.3 1.6E-02 
3 5.0 148.8 1652 95 81.7 13.3 88.4 1.8 42.0 5.5E-02 
4 5.0 148.8 1653 98.5 93.4 5.1 96.0 1.5 40.3 1.9E-02 
5 5.0 148.8 1655 96 90.3 5.7 93.2 0.0 42.8 2.3E-02 
6 5.0 148.8 1650 89 81.7 7.3 85.4 2.5 47.3 3.5E-02 
7 5.0 148.8 1650 100.5 92.6 7.9 96.6 1.5 38.8 2.8E-02 
8 5.0 148.8 1650 80 74.5 5.5 77.3 4.1 55.7 3.5E-02 
Ave. 5.0 148.8 1651 95.4 88.1 7.3 91.7 1.6 42.6 3.0E-02 
SD 0.0 0.0 2.0 7.7 7.7 2.9 7.6 1.3 6.5 1.2E-02 
CV (%) 0.0 0.0 0.1 8.1 8.8 39.5 8.3 81.4 15.3 41.5 
 
No Pipe ID (cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
1 5.0 148.8 1281 102.1 95.8 6.3 99.0 1.6 36.6 2.6E-02 
2 5.0 148.8 1280 97.5 94.5 3 96.0 0.0 41.8 1.5E-02 
3 5.0 148.8 1280 90.9 81.7 9.2 86.3 1.8 46.1 5.5E-02 
4 5.0 148.8 1160 96.6 93.4 3.2 95.0 1.5 42.2 1.8E-02 
5 5.0 148.8 1279 94.5 90.3 4.2 92.4 0 44.3 2.3E-02 
6 5.0 148.8 1277 86.2 81.7 4.5 84.0 2.5 50.1 3.0E-02 
7 5.0 148.8 1277 97.6 92.6 5.0 95.1 1.5 41.7 2.5E-02 
8 5.0 148.8 1277 77.8 74.5 3.3 76.2 4.1 57.9 2.8E-02 
Ave. 5.0 148.8 1264 92.9 88.1 4.8 90.5 1.6 45.1 2.7E-02 
SD 0.0 0.0 42 7.8 7.7 2.1 7.7 1.3 6.5 1.2E-02 
CV (%) 0.0 0.0 3.3 8.3 8.8 42.9 8.5 81.4 14.4 45.1 
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Alkali Lake:  41°41'0.1"N, 102°35'49.3"W 
No 
Pipe ID 
(cm) 
Pipe Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have  
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
1-1 6.6 75.0 21.8 21.8 19.9 1.9 20.8 21.8 2.7E-02 
1-2 6.6 75.0 21.8 15.0 12.7 2.3 13.9 21.8 6.0E-02 
1-3 6.6 75.0 21.8 18.5 17.6 0.9 18.1 21.8 1.6E-02 
1-1 6.6 75.0 51.2 21.5 17.8 3.7 19.7 51.2 2.3E-02 
1-2 6.6 75.0 51.2 15.0 11.0 4.0 13.0 51.2 4.8E-02 
1-3 6.6 75.0 51.2 19.0 16.0 3.0 17.5 51.2 2.3E-02 
Ave. 6.6 75.0 39 17.8 15.0 2.8 16.4 39.4 3.4E-02 
SD 0.00 0.00 16.1 2.80 3.04 1.2 2.85 16.1 1.9E-02 
CV (%) 0.0 0.0 40.9 15.7 20.2 44.6 17.4 40.9 55.5 
 
41°41'3.4" N, 102°36'13.4" W 
No 
Pipe ID 
(cm) 
Pipe Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have  
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
3-1 6.6 74.5 20.6 30.5 26.5 4.0 28.5 20.6 5.5E-02 
3-2 6.6 75.0 20.6 31.0 25.8 5.2 28.4 20.6 7.2E-02 
3-3 6.6 74.8 20.6 33.5 29.3 4.2 31.4 20.6 4.9E-02 
3-1 6.6 74.5 49.6 29.8 22.7 7.1 26.2 49.6 4.4E-02 
3-2 6.6 75.0 49.6 30.3 22.0 8.3 26.1 49.6 5.2E-02 
3-3 6.6 74.8 49.6 33.0 25.5 7.5 29.3 49.6 3.9E-02 
Ave. 6.6 74.8 38.0 31.5 25.0 6.5 28.3 38.0 5.1E-02 
SD 0.00 0.20 15.92 1.67 2.92 1.7 2.22 15.92 1.3E-02 
CV (%) 0.0 0.3 41.9 5.3 11.7 26.3 7.9 41.9 24.9 
 
41°41'7.4"N, 102°36'25.3"W 
No 
Pipe ID 
(cm) 
Pipe Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have  
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
4-1 6.6 91.2 20.2 44.5 36.6 7.9 40.6 20.2 8.8E-02 
4-2 6.6 91.4 20.2 49.5 41.1 8.4 45.3 20.2 7.4E-02 
4-3 6.6 91.4 20.2 47.5 41.0 6.5 44.3 20.2 5.8E-02 
4-4 7.1 82.3 20.2 33.8 27.3 6.5 30.5 20.2 9.6E-02 
4-1 6.6 91.2 48.5 43.5 26.9 16.6 35.2 48.5 8.9E-02 
4-2 6.6 91.4 48.5 47.9 30.4 17.5 39.1 48.5 7.4E-02 
4-3 6.6 91.4 48.5 46.8 33.1 13.7 39.9 48.5 5.7E-02 
4-4 7.1 82.3 48.5 33.0 20.6 12.4 26.8 48.5 8.6E-02 
Ave. 6.8 87.7 42.9 41.0 27.6 13.3 34.3 42.9 8.0E-02 
SD 0.27 4.95 12.67 7.12 4.66 4.35 5.61 12.67 1.5E-02 
CV (%) 4.0 5.6 29.6 17.4 16.9 32.6 16.4 29.6 19.2 
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41°41'1.4"N, 102°36'03.1"W 
No 
Pipe ID 
(cm) 
Pipe Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have  
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
7-1 7.1 94.2 20.7 42.3 34.2 8.1 38.2 20.7 8.8E-02 
7-2 7.1 90.4 20.7 41.0 39.4 1.6 40.2 20.7 1.5E-02 
7-3 7.1 89.8 20.7 41.0 24.2 16.8 32.6 20.7 1.9E-01 
7-1 7.1 94.2 29.5 42.3 30.3 12.0 36.3 29.5 9.6E-02 
7-2 7.1 90.4 50.4 41.0 37.8 3.2 39.4 50.4 1.3E-02 
7-3 7.1 89.8 29.5 40.8 12.1 28.7 26.4 29.5 2.9E-01 
Ave. 7.1 90.9 30.2 41.2 28.7 12.5 35.0 30.2 1.2E-01 
SD 0.00 1.86 12.1 0.60 11.1 11.0 5.65 12.15 1.2E-01 
CV (%) 0.0 2.0 40.3 1.4 38.8 88.5 16.2 40.3 98.6 
 
Rayleigh (north):  41°48'23.4"N, 102°35'17.3"W 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
1 5.0 148.8 1331 84.4 80.7 3.7 82.6 8.8 55.6 2.7E-02 
2 5.0 148.8 1329 80.3 77.1 3.2 78.7 6.0 62.5 2.8E-02 
3 5.0 148.8 1327 77.7 74.9 2.8 76.3 13.2 57.9 2.3E-02 
4 5.0 148.8 1325 60.0 54.0 6.0 57.0 12.8 76.0 8.7E-02 
5 5.0 148.8 1323 54.5 48.5 6.0 51.5 11.2 83.1 1.1E-01 
Ave. 5.0 148.8 1327 71.4 67.0 4.3 69.2 10.4 67.0 5.4E-02 
SD 0 0 3.16 13.3 14.7 1.5 14.0 3.0 12.0 3.9E-02 
CV (%) 0.0 0.0 0.2 18.6 21.9 35.7 20.2 28.9 17.9 72.4 
 
Rayleigh (south):  41°48'13.0"N, 102°35'13.7"W 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
6 5.0 148.8 1329 101.8 93.3 8.5 97.6 0.0 37.6 3.5E-02 
7 5.0 148.8 1329 90 84.8 5.2 87.4 1.7 45.4 2.9E-02 
8 5.0 148.8 1330 86.4 79.1 7.3 82.8 1.9 47.6 4.5E-02 
9 5.0 148.8 1330 94.4 89.1 5.3 91.8 2.3 37.3 2.3E-02 
10 5.0 148.8 1331 61.9 59.1 2.8 60.5 10.3 61.0 3.1E-02 
Ave. 5.0 148.8 1330 86.9 81.1 5.8 84.0 3.2 45.8 3.3E-02 
SD 0 0 0.84 15.1 13.4 2.2 14.2 4.0 9.7 8.3E-03 
CV (%) 0.0 0.0 0.1 17.4 16.5 37.6 16.9 124.8 21.1 25.3 
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Ohm Lake:  41°51'57.4"N, 102°35'21.0"W 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
16 6.6 74.5 1597 35.3 33.8 1.5 34.6 1.0 24.6 9.6E-03 
17 6.6 74.8 1599 34.5 31.6 2.9 33.1 0.8 21.3 1.7E-02 
18 6.6 74.8 1600 39.7 38.1 1.6 38.9 0.6 13.6 5.0E-03 
19 6.6 74.8 1602 39.2 37.5 1.7 38.4 1.5 12.8 5.1E-03 
20 6.6 74.8 1602 36.4 35.0 1.4 35.7 0.9 16.4 5.8E-03 
Ave. 6.6 74.7 1600.0 37.0 35.2 1.8 36.1 1.0 17.7 8.5E-03 
SD 0.0 0.1 2.1 2.3 2.7 0.6 2.5 0.3 5.1 5.0E-03 
CV (%) 0.0 0.2 0.1 6.3 7.6 33.7 6.9 35.0 28.6 59.5 
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Wilson (north):  41°48'49.1"N, 102°36'46.4"W 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
16 5.0 148.8 304 40.7 29.3 11.4 35.0 9.0 48.1 7.4E-01 
17 5.0 148.8 306 52.4 42.8 9.6 47.6 9.8 36.6 3.5E-01 
18 5.0 148.8 307 50.4 42.2 8.2 46.3 7.5 39.9 3.3E-01 
19 5.0 148.8 308 50.0 37.7 12.3 43.9 7.4 41.9 5.5E-01 
20 5.0 148.8 311 48.2 39.6 8.6 43.9 7.5 42.6 3.9E-01 
Ave. 5.0 148.8 307 48.3 38.3 10.0 43.3 8.2 41.8 4.7E-01 
SD 0.0 0.0 2.59 4.52 5.44 1.8 4.93 1.1 4.21 1.7E-01 
CV (%) 0.0 0.0 0.8 9.4 14.2 17.7 11.4 13.3 10.1 37.0 
 
2nd reading 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
16 5.0 148.8 1300 40.7 9.6 31.1 25.2 9.0 48.1 6.6E-01 
17 5.0 148.8 1300 52.4 25 27.4 38.7 9.8 36.6 2.9E-01 
18 5.0 148.8 1301 50.4 27.2 23.2 38.8 7.5 39.9 2.6E-01 
19 5.0 148.8 1301 50.0 17.4 32.6 33.7 7.4 41.9 4.5E-01 
20 5.0 148.8 1301 48.2 23.8 24.4 36.0 7.5 42.6 3.2E-01 
Ave. 5.0 148.8 1301 48.3 20.6 27.7 34.5 8.2 41.8 4.0E-01 
SD 0.00 0.00 0.55 4.52 7.15 4.09 5.62 1.1 4.21 1.6E-01 
CV (%) 0.0 0.0 0.0 9.4 34.7 14.7 16.3 13.3 10.1 41.3 
 
3rd reading 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
16 5.0 148.8 996 29.3 9.6 19.7 19.5 9.0 59.5 8.7E-01 
17 5.0 148.8 994 42.8 25.0 17.8 33.9 9.8 46.2 3.5E-01 
18 5.0 148.8 993 42.2 27.2 15.0 34.7 7.5 48.1 3.0E-01 
19 5.0 148.8 992 37.7 17.4 20.3 27.6 7.4 54.2 5.8E-01 
20 5.0 148.8 990 39.6 23.8 15.8 31.7 7.5 51.2 3.7E-01 
Ave. 5.0 148.8 993 38.3 20.6 17.7 29.5 8.2 51.8 5.0E-01 
SD 0.00 0.00 2.24 5.44 7.15 2.33 6.25 1.1 5.25 2.4E-01 
CV (%) 0.0 0.0 0.2 14.2 34.7 13.1 21.2 13.3 10.1 47.6 
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Wilson (east):  41°48'49.1"N, 102°36'46.7"W 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
11 5.0 148.8 306 79.5 76.9 2.6 78.2 3.9 34.4 5.4E-02 
12 5.0 148.8 307 76.5 74.5 2.0 75.5 3.7 37.6 4.7E-02 
13 5.0 148.8 308 81.7 62.8 18.9 72.3 4.5 29.6 3.6E-01 
14 5.0 148.8 309 82.4 71.1 11.3 76.8 2.6 29.8 2.0E-01 
15 5.0 148.8 309 58.5 56.6 1.9 57.6 11.6 48.7 7.5E-02 
Ave. 5.0 148.8 307 79.2 71.4 7.8 75.3 4.0 33.9 1.5E-01 
SD 0.00 0.00 1.00 2.61 7.54 9.6 2.98 0.42 4.03 1.8E-01 
CV (%) 0.0 0.0 0.3 3.3 10.6 122.4 4.0 10.3 11.9 116.8 
 
2nd reading 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
11 5.0 148.8 1305 79.5 70.6 8.9 75.1 3.9 34.4 4.5E-02 
12 5.0 148.8 1304 76.5 70.7 5.8 73.6 3.7 37.6 3.3E-02 
13 5.0 148.8 1303 81.7 30.3 51.4 56.0 4.5 29.6 3.0E-01 
14 5.0 148.8 1303 82.4 51.9 30.5 67.2 2.6 29.8 1.5E-01 
15 5.0 148.8 1302 58.5 54.9 3.6 56.7 11.6 48.7 3.4E-02 
Ave. 5.0 148.8 1304 79.2 57.2 22.0 68.2 4.0 33.9 1.3E-01 
SD 0.00 0.00 1.00 2.61 23.3 25.5 10.6 0.42 4.03 1.5E-01 
CV (%) 0.0 0.0 0.1 3.3 40.7 115.6 15.5 10.3 11.9 119.9 
 
3rd reading 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
11 5.0 148.8 999 76.9 70.6 6.3 73.8 3.9 37.0 4.6E-02 
12 5.0 148.8 997 74.5 70.7 3.8 72.6 3.7 39.6 3.0E-02 
13 5.0 148.8 995 62.8 30.3 32.5 46.6 4.5 48.5 4.9E-01 
14 5.0 148.8 994 71.1 51.9 19.2 61.5 2.6 41.1 1.9E-01 
15 5.0 148.8 993 56.6 54.9 1.7 55.8 11.6 50.6 2.2E-02 
Ave. 5.0 148.8 997 71.4 57.2 14.2 64.3 4.0 41.7 1.9E-01 
SD 0.00 0.00 2.00 7.54 23.30 15.9 15.4 0.42 6.03 2.6E-01 
CV (%) 0.0 0.0 0.2 10.6 40.7 112.0 23.9 10.3 14.5 138.6 
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Wilson (south):  41°48'41.3"N, 102°36'42.7"W 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
11 5.0 148.8 683 76.5 73 3.5 74.8 3.9 54.4 5.4E-02 
12 5.0 148.8 685 86.3 82.1 4.2 84.2 5.1 44.9 4.7E-02 
13 5.0 148.8 687 74.8 70.7 4.1 72.8 5.7 49.0 5.8E-02 
14 5.0 148.8 688 85.3 80.8 4.5 83.1 4.9 37.5 4.3E-02 
15 5.0 148.8 689 77.3 73.2 4.1 75.3 0.6 51.3 5.8E-02 
Ave. 5.0 148.8 686 80.0 76.0 4.1 78.0 4.0 47.4 5.2E-02 
SD 0.00 0.00 2.41 5.35 5.13 0.36 5.24 2.0 6.54 6.9E-03 
CV (%) 0.0 0.0 0.4 6.7 6.8 8.9 6.7 50.2 13.8 13.4 
 
Wilson (southwest):  41°48'31.8"N, 102°36'56.4"W 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
16 5.0 148.8 720 74 54.9 19.1 64.5 5.1 43.2 0.256 
17 5.0 148.8 721 61.9 58.3 3.6 60.1 5.6 54.1 0.065 
18 5.0 148.8 722 53.5 49.6 3.9 51.6 5.28 62.4 0.094 
19 5.0 148.8 724 51.6 49.3 2.3 50.5 2.8 65.4 0.059 
20 5.0 148.8 724 51.7 48.9 2.8 50.3 3.1 53.6 0.059 
Ave. 5.0 148.8 722 58.5 52.2 6.3 55.4 4.4 55.7 0.107 
SD 0 0 1.79 9.6 4.2 7.2 6.5 1.3 8.7 0.085 
CV (%) 0.0 0.0 0.2 16.4 8.0 113.0 11.8 30.1 15.6 79.4 
 
Gimlet Lake:  41°45'28.1" N, 102°26'1.8" W 
No 
Pipe 
ID 
(cm) 
Pipe 
Len 
(cm) 
∆t 
(min) 
h1 
(cm) 
h2 
(cm) 
∆h 
(cm) 
have 
(cm) 
comp 
(cm) 
Ls 
(cm) 
Kv 
(m/day) 
1 5.0 148.8 534 60.5 54.6 5.9 57.6 2.0 33.3 9.2E-02 
2 5.0 148.8 534 59.0 51.5 7.5 55.3 2.2 34.6 1.3E-01 
3 5.0 148.8 533 45.5 39.6 5.9 42.6 6.7 47.6 1.8E-01 
4 5.0 148.8 541 73.0 67.3 5.7 70.2 1.5 21.3 4.6E-02 
5 5.0 148.8 540 76.0 71.8 4.2 73.9 2.6 25.2 3.8E-02 
6 5.0 148.8 537 71.5 60.7 10.8 66.1 6.8 21.5 9.4E-02 
7 5.0 148.8 535 75.0 52.0 23.0 63.5 4.9 22.9 2.2E-01 
8 5.0 148.8 533 72.0 56.8 15.2 64.4 2.9 24.9 1.6E-01 
10 5.0 148.8 530 68.0 60.8 7.2 64.4 10.1 21.7 6.6E-02 
11 5.0 148.8 528 63.5 45.5 18.0 54.5 13.9 24.4 2.2E-01 
12 5.0 148.8 526 73.0 64.5 8.5 68.8 4.4 27.4 9.3E-02 
13 5.0 148.8 525 73.0 65.6 7.4 69.3 5.8 20.0 5.9E-02 
14 5.0 148.8 523 69.0 62.6 6.4 65.8 6.8 21.0 5.6E-02 
15 5.0 148.8 521 65.0 57.0 8.0 61.0 4.0 29.8 1.1E-01 
16 5.0 148.8 519 64.0 51.2 12.8 57.6 7.9 26.9 1.7E-01 
Ave. 5.0 148.8 531 67.2 57.4 9.8 62.3 5.5 26.8 1.1E-01 
SD 0.00 0.00 6.74 8.00 8.63 5.30 7.89 3.39 7.25 6.1E-02 
CV (%) 0.0 0.0 1.3 11.9 15.0 54.3 12.7 61.6 27.0 56.8 
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Appendix 14b.  Summary of lake bed hydraulic conductivity measurements 
Coordinates Kv 
Site Date 
Lat (North) Long (West) 
no of  
readings AVE 
(m/day) 
SD 
(m/day) CV (%) 
Gimlet 2-Jun-09 41°45'28.1" 102°26'1.8" 16 1.08E-01 6.13E-02 56.8 
Alkali (east) 25-Jun-09 41°49'15.0" 102°35'42.5" 24 3.37E-02 1.56E-02 46.3 
Rayleigh (north) 26-Jun-09 41°48'23.4" 102°35'17.3" 5 5.40E-02 3.91E-02 72.4 
Rayleigh (south) 26-Jun-09 41°48'13.0" 102°35'13.7" 5 3.28E-02 8.29E-03 25.3 
Wilson (east) 25-Jun-09 41°48'49.1" 102°36'46.7" 15 1.39E-01 1.44E-01 104.1 
Wilson (north) 25-Jun-09 41°48'49.1" 102°36'46.4" 15 4.54E-01 1.85E-01 40.7 
Wilson (south) 25-Jun-09 41°48'41.3" 102°36'42.7" 5 5.19E-02 6.94E-03 13.4 
Wilson (southwest) 26-Jun-09 41°48'31.8" 102°36'56.4" 5 1.07E-01 8.47E-02 79.4 
Ohm 26-Jun-09 41°48'43.0" 102°35'28.3" 5 8.48E-03 5.04E-03 59.5 
Alkali 2008 24-May-08 41° 41' 0.1" 102° 35' 49.3" 6 3.36E-02 1.75E-02 52.2 
Alkali 2008 24-May-08 41° 41' 3.4" 102° 36' 13.4" 6 5.27E-02 1.17E-02 22.2 
Alkali 2008 24-May-08 41° 41' 7.4" 102° 36' 25.3" 8 7.91E-02 1.48E-02 18.7 
Alkali 2008 24-May-08 41° 41' 1.4" 102° 36' 03.1" 6 1.18E-01 1.10E-01 93.3 
 
Coordinates Kh Darcy Velocity 
Site Date 
Lat (North) Long (West) 
no of  
readings AVE 
(m/day) 
SD 
(m/day) 
CV 
(%) 
AVE 
(m/day) 
SD 
(m/day) 
CV 
(%) 
Potentio1 10-Jul-07 41° 48' 59.0" 102° 35' 54.7" 3 4.9E-02 1.0E-02 20.4 1.20E-02 1.00E-03 8.3 
Potentio2 28-Jun-07 41° 49' 03.4" 102° 36' 17.5" 7 3.8E-02 2.7E-02 71.1 4.40E-03 3.20E-03 72.7 
Potentio3 11-Jul-07 41° 49' 14.6" 102° 36' 21.5" 4 3.7E-02 4.4E-04 1.2 1.10E-03 1.30E-03 118.2 
Potentio4 12-Jul-07 41° 49' 17.8"  102° 36' 00.8"  5 9.4E-02 4.6E-03 4.9 8.80E-03 4.30E-04 4.9 
Potentio5 13-Jul-07 41° 49' 05.3"  102° 35' 38.7"  18 9.0E-02 1.2E-02 13.3 2.10E-02 2.80E-03 13.3 
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Appendix 15.   
Slug test results 
 
 
282 
 
 
Slug test data were processed using AQTESOLV for Windows, version 3.50 Professional, 
developed by Glenn M. Duffield, HydroSOLVE, Inc.  K values were estimated using the 
Springer-Gelhar (1991) slug test equation for unconfined aquifer conditions.  Computed K values 
for varying aquifer saturated thickness (i.e., 40 m, 80 m, and 300 m) are found in Table 6, p. 129.  
Presented here are the graphical results for an aquifer saturated thickness of 40 m.  Initial head 
displacements are listed in each of the trial runs.  Other input parameters are illustrated in the 
figure and enumerate in table below: 
Well 
height of 
static 
water 
column 
(m) 
Aniso. 
(Kv/Kh) 
Screen 
Length 
(m) 
total depth 
of well 
screen 
penetration 
(m) 
Casing  
well 
radius 
(cm) 
effective 
well 
radius 
(cm) 
Effective 
porosity of 
filter pack 
envelope 
(%) 
SE-W2 11.237 1 1.82 11.237 2.5 7 0.3 
SE-W4B 26.683 1 6.10 26.683 5.4 10 0.3 
NW-W2 6.576 1 1.83 6.576 2.5 7 0.3 
NW-W4 28.521 1 6.10 29.421 5.4 10 0.3 
OHM-W4 20.971 1 6.10 20.971 5.4 10 0.3 
ALK-W4 13.561 1 6.10 13.561 5.4 10 0.3 
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Slug test results for well SE-W2, with aquifer thickness 40m. 
 
Trial 1, initial displacement = 9.36 cm 
 
0. 14. 28. 42. 56. 70.
0.
0.2
0.4
0.6
0.8
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
SE-W2-1
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 3.988 m/day
C(D) = 10.
 
 
Trial 2, initial displacement = 14.86 cm  
 
284 
 
 
0. 14. 28. 42. 56. 70.
0.
0.2
0.4
0.6
0.8
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
SE-W2-2
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 4.531 m/day
C(D) = 10.
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Trial 3, initial displacement = 5.27 cm 
 
0. 14. 28. 42. 56. 70.
0.
0.2
0.4
0.6
0.8
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
SE-W2-3
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 4.228 m/day
C(D) = 10.
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Slug test results for well SE-W4B with aquifer thickness 40m. 
 
Trial 1, initial displacement = 13.77 cm 
 
0. 6. 12. 18. 24. 30.
-0.1
0.12
0.34
0.56
0.78
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
SE-W4B-1
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 28.48 m/day
C(D) = 0.8466
 
 
Trial 2, initial displacement = 9.75 cm 
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0. 6. 12. 18. 24. 30.
-0.1
0.12
0.34
0.56
0.78
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
SE-W4B-2
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 31.81 m/day
C(D) = 0.9142
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Trial 3, initial displacement = 10.19 cm 
 
0. 6. 12. 18. 24. 30.
-0.1
0.12
0.34
0.56
0.78
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
SE-W4B-3
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 32.97 m/day
C(D) = 0.9084
 
 
Trial 4, initial displacement = 7.29 cm 
 
0. 6. 12. 18. 24. 30.
-0.1
0.12
0.34
0.56
0.78
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
SE-W4B-4
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 27.62 m/day
C(D) = 0.9818
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Trial 5 , initial displacement = 8.15 cm 
 
0. 6. 12. 18. 24. 30.
-0.1
0.12
0.34
0.56
0.78
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
SE-W4B-5
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 28.25 m/day
C(D) = 0.7874
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Slug test results for well NW-W2 with aquifer thickness 40m. 
 
Trial 1, initial displacement = 7.71 cm 
 
0. 24. 48. 72. 96. 120.
-0.05
0.16
0.37
0.58
0.79
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
NW-W2-1
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 1.559 m/day
C(D) = 2.61
 
 
Trial 2, initial displacement = 7.66 cm 
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0. 24. 48. 72. 96. 120.
-0.05
0.16
0.37
0.58
0.79
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
NW-W2-2
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 1.637 m/day
C(D) = 4.567
 
 
Trial 3, initial displacement = 11.11 cm 
 
0. 24. 48. 72. 96. 120.
-0.05
0.16
0.37
0.58
0.79
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
NW-W2-3
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 1.437 m/day
C(D) = 1.468
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Slug test results for well NW-W4 with aquifer thickness 40m. 
 
Trial 1, initial displacement = 13.54 cm 
 
0. 4. 8. 12. 16. 20.
-0.05
0.16
0.37
0.58
0.79
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
NW-W4-1
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 20.88 m/day
C(D) = 1.154
 
 
Trial 2, initial displacement = 10.63 cm 
 
293 
 
 
0. 4. 8. 12. 16. 20.
-0.05
0.16
0.37
0.58
0.79
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
NW-W2-2
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 21.24 m/day
C(D) = 1.257
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Trial 3, initial displacement = 6.15 cm 
 
0. 4. 8. 12. 16. 20.
-0.05
0.16
0.37
0.58
0.79
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
NW-W2-3
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 18.13 m/day
C(D) = 0.9408
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Slug test results for well OHM-W4 with aquifer thickness 40m. 
 
Trial 1, initial displacement = 12.95 cm 
 
0. 6. 12. 18. 24. 30.
0.
0.2
0.4
0.6
0.8
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
OHM-W4-1
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 17.56 m/day
C(D) = 6.236
 
 
Trial 2, initial displacement = 13.68 cm 
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0. 6. 12. 18. 24. 30.
0.
0.2
0.4
0.6
0.8
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
OHM-W4-2
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 15.5 m/day
C(D) = 10.
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Trial 3, initial displacement = 9.28 cm 
 
0. 6. 12. 18. 24. 30.
0.
0.2
0.4
0.6
0.8
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
OHM-W4-3
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 15.5 m/day
C(D) = 1.96
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Slug test results for well ALK-W2 with aquifer thickness 40m. 
 
Trial 1, initial displacement = 13.90 cm 
 
0. 6. 12. 18. 24. 30.
0.
0.2
0.4
0.6
0.8
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
ALK-W4-1
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 15.22 m/day
C(D) = 10.
 
 
Trial 2, initial displacement = 10.12 cm 
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0. 6. 12. 18. 24. 30.
0.
0.2
0.4
0.6
0.8
1.
Time (sec)
N
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m
al
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ed
 H
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d 
(c
m
/c
m
)
Obs. Wells
ALK-W4-2
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 16.1 m/day
C(D) = 10.
300 
 
 
 
Trial 3, initial displacement = 7.53 cm 
 
0. 6. 12. 18. 24. 30.
0.
0.2
0.4
0.6
0.8
1.
Time (sec)
N
or
m
al
iz
ed
 H
ea
d 
(c
m
/c
m
)
Obs. Wells
ALK-W2-3
Aquifer Model
Unconfined
Solution
Springer-Gelhar
Critically damped when C(D)=1
Parameters
K  = 18.38 m/day
C(D) = 10.
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Appendix 16.  Specific electrical conductivity and pH measurements from wells in the area of 
saline lakes, Garden County, Nebraska Sand Hills  
 
well Specific electrical conductivity (mS/cm) pH 
 07/20/08 03/20/09 03/1710 07/09/10 Ave. St. Dev. 03/19/09 
H01 0.133 0.141 0.154 0.322 0.188 0.090 7.78 
H02 1.969 2.000 1.930 1.937 1.959 0.032 8.06 
H03 0.845 0.744 0.819 0.833 0.810 0.045 7.61 
H04 4.260 4.120 4.700 4.790 4.468 0.328 8.22 
H05 0.283 0.306 0.190 0.203 0.246 0.058 7.33 
H06   0.200 0.173 0.187 0.019  
H07 0.402 0.214 0.195 0.198 0.252 0.100 7.30 
H08 0.412 0.332 0.300 0.295 0.335 0.054 7.52 
H09 0.772 0.414 1.106 1.266 0.890 0.378 7.79 
H10 0.332 0.439 0.277 0.230 0.320 0.090 7.59 
H11 1.245 1.530 1.754 1.770 1.575 0.246 8.02 
H12 0.356 0.446 0.374 0.380 0.389 0.039 7.40 
H13 0.665 0.637 0.568 0.598 0.617 0.043 7.83 
H14 0.668 0.460 0.417 0.439 0.496 0.116 7.26 
H15 0.753 0.525 0.534 0.573 0.596 0.107 7.65 
H16 0.355 0.289 0.275 0.279 0.300 0.037 7.67 
H17 0.682 0.543 0.652 0.690 0.642 0.068 7.51 
H18 0.202 0.305   0.254 0.073 7.74 
H19 0.291 0.353 0.272 0.248 0.291 0.045 7.50 
H20 0.465 0.490 0.220 0.215 0.348 0.150 7.37 
H21 0.183 0.116 0.117 0.110 0.132 0.034 7.28 
H22 0.505 0.358 0.225 0.237 0.331 0.130 7.26 
H23 0.317 0.271 0.491 0.255 0.334 0.108 7.25 
H24    0.432 0.432   
H25 0.428 0.511 0.360 0.396 0.424 0.064 7.76 
H26 0.917 0.871 0.706 0.623 0.779 0.138 7.81 
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well Specific electrical conductivity (mS/cm) pH 
 07/20/08 03/20/09 03/1710 07/09/10 Ave. St. Dev. 03/19/09 
NW-W2 0.280 0.283 0.285 0.287 0.284 0.003 7.89 
NW-W4 0.265 0.256 0.280 0.255 0.264 0.012 7.56 
Ohm-W4 6.140 4.290 5.760 6.890 5.770 1.093 9.96 
SE-W2 3.210  3.280 3.080 3.190 0.101  
SE-W4B 1.145 1.200 1.157 1.140 1.161 0.027 8.18 
SOLAR-E 0.592 0.522 0.547 0.519 0.545 0.034 7.65 
SOLAR-W 0.440 0.330 0.338 0.345 0.363 0.052 7.56 
WM 0.392 0.353 0.322 0.380 0.362 0.031 7.88 
WM-N2 0.197 0.193 0.262 0.223 0.219 0.032 8.13 
WM-R 0.204 0.179 0.243 0.237 0.216 0.030 7.31 
WM-W1 0.586 0.307 0.245 0.244 0.346 0.163 7.92 
WM-W2 0.447 0.447 0.535 0.606 0.509 0.077 7.46 
Alk-W4  0.220 0.218 0.238 0.225 0.011 7.89 
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Appendix 17.  Specific electrical conductivity and pH measurements from wells in the 
area of freshwater lakes, Garden County, Nebraska Sand Hills 
 
Specific electrical conductivity (mS/cm) pH 
Well 30 Jul 
2008 
21 Feb 
2009 
21 Mar 
2009 
17 Mar 
2010 
10 Jul 
2010 Ave. 
St. 
Dev. 
21 Mar 
2009 
G01    0.296 0.308 0.302   
G02 0.213 0.234 0.166 0.168 0.217 0.200 0.034 7.46 
G03 0.216 0.351 0.211 0.940 0.981 0.540 0.346 6.90 
G04 0.437 0.392 0.304 0.360 0.513 0.401 0.056 7.18 
G05 0.214 0.229 0.238 0.145 0.141 0.193 0.042 7.22 
G06 0.773 0.750 0.633 0.562 0.419 0.627 0.099 6.64 
G07 0.338 0.332 0.318 0.189 0.181 0.272 0.071 6.71 
G08 0.222 0.302 0.163 0.165 0.172 0.205 0.065 6.74 
G09 0.213 0.277 0.206 0.214 0.211 0.224 0.033 7.52 
G10 1.615 1.478 1.160 1.632 1.538 1.485 0.219 7.16 
G11 0.201  0.140 0.138 0.163 0.161 0.036 7.62 
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Appendix 18.  Specific electrical conductivity measurements from lakes 
 
Lake / Creek Date Temp (°C) 
SEC 
(mS/cm) 
D.O. 
(mg/L) 
pH 
 
Alkali Lake 07/12/07  57.0   
 08/28/07 29.8 95.4   
 12/13/07 -3.3 56.0   
 07/29/08 28.9 86.5   
 08/13/08 31.6 121.7   
 03/19/09 12.4 78.5 4.8 10.4 
 05/09/09 30.7 60.6   
 06/25/09 32.8 56.3   
 07/19/09 36.3 58.4   
 03/17/10 16.1 29.3   
 05/01/10 7.5 30.0   
 07/09/10 23.5 27.1   
Ohm Lake 05/25/07 22.9 24.9   
 08/28/07 24.1 24.0   
 12/13/07 -1.7 31.0   
 07/29/08 32.4 82.1   
 05/09/09 29.9 44.0   
 06/25/09 33.2 40.0   
 03/17/10 12.8 15.2 0.11 9.96 
 05/01/10 12.4 24.8   
 05/01/10 12.5 25.0   
 07/09/10 24.7 21.4   
Wilson Lake 08/28/07 30.9 33.5   
 12/13/07 -1.8 24.9   
 07/19/08 31.6 10.3   
 08/13/08 29.4 18.0   
 03/19/09 10.6 16.6 3.00 9.87 
 05/09/09 24.7 9.5   
 06/25/09 31.3 8.9   
 03/17/10 10.3 14.0   
 05/01/10 9.6 6.0   
 07/09/10 28.3 5.4   
 
305 
 
 
 
Lake / Creek Date Temp (°C) 
SEC 
(mS/cm) 
D.O. 
(mg/L) 
pH 
 
Rayleigh Lake 05/27/07  32.0   
 12/13/07 -3.0 61.0   
 07/25/08 40.0 121.2   
 07/29/08 33.9 109.1   
 08/13/08 30.1 130.1   
 08/14/08 21.1 126.8   
 03/20/09 16.6 63.1 4.36 10.33 
 05/09/09 31.5 45.8   
 06/27/09 31.1 43.7   
 03/17/10 15.8 21.1   
 07/09/10 25.4 20.0   
Gimlet Lake 06/28/07 17.1 0.3   
 06/28/07 18.0 0.9   
 07/29/08 23.4 0.8   
 08/12/08 28.6 0.7   
 03/16/09 10.3 0.7 8.51 9.17 
 06/02/09 14.0 0.7   
 06/29/09 23.0 0.7   
 03/17/10 8.6 0.5   
 07/08/10 24.2 0.7   
Crescent Lake 03/16/09 10.6 1.0 7.35 8.82 
 06/02/09 13.9 1.0   
Goose Lake 07/19/08 26.6 5.7   
Mallard Arm (big) 03/20/09 10.2 0.8  8.22 
 07/08/10 25.2 0.6   
 08/12/08 19.6 1.6   
Mallard Arm (small) 03/20/09 12.1 1.7  8.51 
Blue Creek 07/25/08  0.4   
 03/20/09 13.8 0.3 4.85 8.3 
Blue Creek (after 
confluence) 03/20/09 12.7 0.3 4.73 7.72 
 03/20/09 15.8 0.2 2.56 8.68 
 07/25/08 22.4 0.2   
Blue Creek (near road) 03/20/09 14.4 0.2 3.2 8.9 
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Apprendix 19.  Groundwater level and specific electrical conductivity measurements from 
piezometers located along the shore and in Alkali Lake   
 
J1 (jetted well, west Alkali, 2m deep) 
Date 
TOC to 
Lake level 
(cm) 
TOC to 
GW level 
(cm) 
Lake - GW 
levels 
(cm) 
GW 
SEC  
(mS/cm) 
GW 
Temp 
(°C) 
Lake 
SEC 
(mS/cm) 
Lake 
Temp 
(°C) 
18-Jul-09    30.1 16.6 56.3  
19-Jul-09 66.9 63.2 3.7 27.4 12.2 53.5 13.7 
17-Mar-10 41.1 36.0 5.2 29.4 13.1 51.7 5.9 
9-Jul-10 31.1 27.3 3.8 27.9 16.4 27.3 23.5 
19-Oct-10 59.5 52.5 7.0 28.2 14.4 48.8 11.1 
 
A1 (Vibracore Alk-09-01, west Alkali) 
Date 
TOC to 
Lake level 
(cm) 
TOC to 
GW level 
(cm) 
Lake - GW 
levels 
(cm) 
GW 
SEC  
(mS/cm) 
GW 
Temp 
(°C) 
Lake 
SEC 
(mS/cm) 
Lake 
Temp 
(°C) 
24-Jun-09  39.3  3.83 15.8 52 23.6 
18-Jul-09  38.0  0.396 17.4 57.7 33.3 
17-Mar-10   2.5 0.336 3.1 29.2 14.4 
9-Jul-10 5.7 3.8 1.9 0.428 1.6 27.1 20.7 
19-Oct-10 32.5 24.6 7.9 0.468 13.6 47.3 13.3 
 
A2 (Vibracore Alk-09-02, east Alkali) 
Date 
TOC to 
Lake level 
(cm) 
TOC to 
GW level 
(cm) 
Lake - GW 
levels 
(cm) 
GW 
SEC 
(mS/cm) 
GW 
Temp 
(°C) 
Lake 
SEC 
(mS/cm) 
Lake 
Temp 
(°C) 
24-Jun-09 40.5 37.5 3.0 3.28 15.3   
19-Jul-09  39.9  6.4 17.9 58.4 36.3 
17-Mar-10    5.62 2.1 29.2 16.1 
9-Jul-10 12.7 8.3 4.4 12.17 16.6 27.6 24.8 
19-Oct-10 41.2 35.1 6.1 8.7 13.5 48.8 13.4 
 
TOC refers to top of casing, GW is groundwater, and SEC is specific electric conductivity, as 
illustrated below:   
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Appendix 20.   Chemical analysis of water samples 
 
Sample Date Long (West) Lat (N) pH 
SEC  
(mS/cm) 
D.O. 
mg/L 
Temp 
(°C) 
TDS 
mg/L 
Gimlet Lake 03/16/09 102°25'59.2"W 41°45'26.7"N 9.18 0.675 5.50 10.5 604.06
Crescent Lake 03/16/09 102°23'49.1"W 41°42'58.6"N 8.87 1.036 7.35 11.0 899.73
WM-R 03/17/09 102°35'25.5"W 41°48'27.0"N 7.3 0.179 0.25 12.1 125.42
OHM-W4 03/17/09 102°35'24.9"W 41°48'41.7"N 9.96 4.290 0.11 12.9 3787.79
SOLAR-W 03/17/09 102°36'25.0"W 41°49'02.7"N 7.51 0.330 0.07 11.7 266.73
WM-W2 03/17/09 102°37'4.6.0"W 41°48'05.0"N 7.43 0.448 0.09 12.2 337.52
NW-W4 03/17/09 102°36'54.2"W 41°49'15.6"N 7.57 0.256 0.07 13.5 203.02
ALK-W4 03/17/09 102°35'36.7"W 41°49'15.2"N 7.86 0.220 0.10 12.1 178.16
SOLAR-E 03/17/09 102°35'30.6"W 41°49'19.0"N 7.65 0.522 0.11 11.8 429.17
Alkali Lake 03/19/09 102°35'41.0"W 41°49'02.5"N 10.4 78.500 4.80 12.4 110697.25
Wilson Lake 03/19/09 102°36'41.5"W 41°48'45.8"N 9.87 16.560 3.00 10.9 18002.98
SE-W4 03/20/09 102°35'04.9"W 41°48'38.1"N 8.18 1.200 0.10 13.4 1047.76
Rayleigh Lake 03/20/09 102°35'13.2"W 41°48'13.1"N 10.33 69.100 4.36 17.0 82341.40
G11 (“Geyser”) 03/20/09 102°26'29.8"W 41°45'34.1"N 7.62 0.140 0.67 13.7 113.87
Blue Creek (west) 03/20/09 102°22'45.2"W 41°39'46.0"N 8.3 0.340 4.85 13.8 291.59
Blue Creek (east) 03/20/09 102°22'43.4"W 41°39'46.0"N 8.9 0.239 3.20 14.4 199.78
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Sample 
HCO3 
mg/L 
Na 
mg/L 
K 
mg/L 
Ca 
mg/L 
Mg 
mg/L 
Cl 
mg/L 
SO4 
mg/L 
Br 
mg/L 
NO3 
mg/L 
Sr 
mg/L 
CBE 
% 
Gimlet Lake 396.31 79.62 49.46 37.79 16.64 17.49 5.74 0.18 0.54 0.27 5.7
Crescent Lake 571.75 148.96 63.66 24.47 27.80 21.68 40.82 0.40 0.00 0.19 3.5
WM-R 69.03 5.11 7.05 18.93 2.68 2.63 18.55 0.00 1.37 0.08 -1.5
OHM-W4 2389.53 860.31 282.87 33.93 3.01 75.42 140.22 2.36 0.00 0.14 2.6
SOLAR-W 180.83 13.73 13.32 34.43 6.36 2.98 14.82 0.05 0.01 0.19 -2.7
WM-W2 193.07 16.08 9.86 57.54 7.18 9.37 42.99 0.08 1.14 0.23 0.8
NW-W4 133.84 7.47 11.36 27.53 5.22 2.39 14.99 0.04 0.04 0.14 -3.1
ALK-W4 112.95 9.31 19.63 19.17 2.91 3.10 10.91 0.05 0.03 0.11 -1.5
SOLAR-E 261.43 70.17 8.71 34.41 6.21 8.71 39.13 0.19 0.00 0.24 1.4
Alkali Lake 76314.48 17456.93 10530.01 64.91 5.72 1943.44 4319.78 61.46 0.00 0.51 -15.0
Wilson Lake 9913.20 4334.20 1670.61 60.01 13.30 288.05 1715.85 6.84 0.58 0.34 6.6
SE-W4 662.48 239.86 13.95 33.88 7.84 25.26 63.46 0.82 0.00 0.21 0.9
Rayleigh Lake 55051.16 14576.94 9966.35 58.40 4.76 1603.69 1020.90 57.70 1.22 0.27 -4.1
G11 (“Geyser”) 77.62 6.10 8.94 12.80 2.94 2.13 3.24 0.00 0.03 0.07 -0.9
Blue Creek (west) 199.49 46.52 9.94 21.32 5.41 6.09 2.35 0.10 0.24 0.12 4.0
Blue Creek (east) 131.23 25.52 8.46 17.60 3.54 3.52 9.17 0.00 0.64 0.09 0.9
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Sample Date Long (West) Lat (North) 
SEC 
mS/cm 
Temp 
°C 
TDS 
mg/L 
SE_W2 3/17/2010 102°35'04.9" 41°48'37.9" 3.28 12.4 6221.45
OHM_W4 3/17/2010 102°35'24.9" 41°48'41.7" 5.7 11.9 4409.30
OHM Lake 3/17/2010 102°35'28.4" 41°48'42.0" 15.2 12.8 20086.99
OHM Lake (r)  3/17/2010 102°35'28.4" 41°48'42.0" 15.2 12.8 20864.14
ALK_W4  3/17/2010 102°35'36.7" 41°49'15.2" 0.218 6.3 2562.10
Gimlet Lake 3/17/2010 102°26'0.0" 41°45'27.7" 0.500 8.6 3135.12
Alkali Lake  3/17/2010 102°36'21.1" 41°49'5.8" 29.3 16.1 39682.29
Wilson Lake  3/17/2010 102°36'43.7" 41°48'40.4" 14.0 10.3 5580.15
HO4  3/17/2010 102°36'34.6" 41°48'42.2" 4.70 6.4 7551.33
HO4 (r) 3/17/2010 102°36'34.6" 41°48'42.2" 4.70 6.4 8912.01
SE-W4  3/17/2010 102°35’04.9" 41°48’38.2" 1.157 12.3 3224.85
 
Sample 
HCO3* 
mg/L 
Na 
mg/L 
K 
mg/L 
Ca 
mg/L 
Mg 
mg/L 
Cl 
mg/L 
SO4 
mg/L 
F 
mg/L 
SE_W2 4127.31 1043.06 69.07 499.51 61.06 91.09 330.34 n.a. 
OHM_W4 2757.05 470.64 315.43 416.57 58.08 104.14 287.39 -o- 
OHM Lake 12774.89 3970.86 1617.57 404.39 51.05 332.32 927.90 8.01
OHM Lake (r)  13192.69 4032.92 1926.87 311.30 77.07 343.33 970.94 9.01
ALK_W4  1609.14 144.14 224.22 320.32 38.04 5.01 221.22 -o- 
Gimlet Lake 2048.56 163.23 236.34 372.54 82.12 11.02 221.32 -o- 
Alkali Lake  25383.90 8476.64 2884.32 457.84 69.13 654.21 1756.24 -o- 
Wilson Lake  3447.01 672.99 414.30 416.32 100.04 110.14 402.17 17.18
HO4  4526.47 1067.01 728.69 363.34 95.09 105.10 665.63 -o- 
HO4 (r) 5388.67 1106.05 918.87 428.41 179.17 118.11 772.73 -o- 
SE-W4  2083.01 396.64 -o- 364.59 66.11 27.04 287.46 -o- 
* Field-based alkalinity measurements not available.  Alkalinity concentrations calculated from ionic charge balance. 
n.a. = data not available 
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Lake Date Time 
SEC  
(mS/cm) 
Temp 
(°C) 
Alkalinity 
(mg/L) 
Total Alk  
(mg/L) 
Gimlet 10/19/2010 11:00 AM 0.148 9.9 0 303
Rayleigh 10/19/2010 12:15 PM 46.6 12.1 11600 30800
Alkali 10/19/2010 1:45 PM 48.8 11.1 11800 32500
Wilson 10/19/2010 2:30 PM 8.3 13.2 720 3860
Ohm 10/19/2010 5:15 PM 57.6 15.4 16600 43400
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Appendix  21.  Salt mass derived from crust 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sampling 
location Easting Northing Sample 
wet mass
(g) 
dry mass
(g) 
total  
salt mass
(g) 
moisture 
(g) 
salt mass  
per unit area 
(kg/m2) 
ave 
(kg/m2) 
stdev 
(kg/m2) coef var 
AS 12-1T-1 18.52 9.93 14.38 8.59 1.57 
AS 12-1T-2 16.39 7.61 11.51 8.78 1.26 
Alkali 
 
699771 
 
4632182 
 
AS 12-1T-3 16.13 7.85 10.70 8.28 1.17 
1.331 
 
0.211 
 
0.158 
 
AS 10-1T-1 59.12 53.98 10.23 5.14 1.12 
AS 10-1T-2 64.59 60.06 5.72 4.53 0.62 
AS 10-1T-3 26.85 24.76 4.96 2.09 0.54 
AS 10-2T-1 18.51 9.15 9.83 9.36 1.07 
AS 10-2T-2 12.96 6.03 9.41 6.93 1.03 
Ohm 
 
700122 
 
4631697 
 
AS 10-2T-3 14.61 6.99 10.83 7.62 1.18 
0.927 
 
0.273 
 
0.294 
 
AS 11-2T-1 67.32 27.52 26.95 39.8 2.94 
AS 11-2T-2 26.16 12.62 18.84 13.54 2.06 
Conduit 
 
700019 
 
4631920 
 
AS 11-2T-3 24.68 12.96 18.85 11.72 2.06 
2.352 
 
0.511 
 
0.217 
 
AS 13-1T-1 63.57 57.55 2.61 6.02 0.28 
AS 13-1T-2 35.78 32.06 2.09 3.72 0.23 
AS 13-1T-3 32.51 29.85 2.71 2.66 0.30 
AS 13-2T-1 9.5 7.10 2.97 2.4 0.32 
AS 13-2T-2 22.58 19.02 2.92 3.56 0.32 
Wilson 
 
698369 
 
4631561 
 
AS 13-2T-3 29.02 24.76 3.13 4.26 0.34 
0.299 
 
0.040 
 
0.135 
 
AS 9-1T-1 11.3 8.88 3.81 2.42 0.42 
AS 9-1T-2 18.56 15.14 5.01 3.42 0.55 
AS 9-1T-3 23.86 20.18 3.86 3.68 0.42 
AS 9-2T-1 16.37 10.29 11.26 6.08 1.23 
AS 9-2T-2 26.71 18.83 11.90 7.88 1.30 
AS 9-2T-3 23.79 15.81 9.38 7.98 1.02 
AS 9-3T-1 9.14 4.87 5.32 4.27 0.58 
AS 9-3T-2 29.99 16.13 20.90 13.86 2.28 
Rayleigh 
 
700470 
 
4630826 
 
AS 9-3T-3 11.55 5.41 7.42 6.14 0.81 
0.957 
 
0.598 
 
0.625 
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Appendix  22.  Salt mass derived from substrate 
cbcbb Easting Northing Sample 
Wet 
mass 
(g) 
 
Dry mass
(g) 
Total  
salt mass 
(g) 
Moisture 
(g) 
Salt mass/ 
area 
(kg/m2) 
Ave. 
(kg/m2) 
St. Dev. 
(kg/m2) 
Coef. 
Var. 
AS 12-1B-1 722.85 633.21 19.1 89.64 2.1 
AS 12-1B-2 746.64 633.57 20.0 113.07 2.2 
Alkali 
 
699771 
 
4632182 
 
AS 12-1B-3 773.8 650.01 13.2 123.79 1.4 
1.902 
 
0.403 
 
0.212 
 
AS 10-1B-1 659.6 593.45 6.3 66.15 0.7 
AS 10-1B-2 738.5 646.06 6.2 92.44 0.7 
AS 10-1B-3 681.32 594.39 4.4 86.93 0.5 
AS 10-2B-1 * * 13.6 * 1.5 
AS 10-2B-2 * * 9.0 * 1.0 
Ohm 
 
700122 
 
4631697 
 
AS 10-2B-3 689.5 570.35 17.4 119.15 1.9 
1.034 
 
0.551 
 
0.533 
 
AS 11-2B-1 * * 11.2 * 1.2 
AS 11-2B-2 601.18 412.37 26.7 188.81 2.9 
Conduit 
 
700019 
 
4631920 
 
AS 11-2B-3 674.05 444.99 15.5 229.06 1.7 
1.944 
 
0.872 
 
0.448 
 
AS 13-1B-1 690.78 600.68 7.8 90.1 0.8 
AS 13-1B-2 739.29 643.97 6.3 95.32 0.7 
AS 13-1B-3 753.24 645.7 6.3 107.54 0.7 
AS 13-2B-1 747.71 642.94 9.9 104.77 1.1 
AS 13-2B-2 675.39 580.26 11.6 95.13 1.3 
Wilson 
 
698369 
 
4631561 
 
AS 13-2B-3 701.18 604.89 6.4 96.29 0.7 
0.878 
 
0.244 
 
0.278 
 
AS 9-1B-1 714.73 618.14 11.7 96.59 1.3 
AS 9-1B-2 687.89 601.2 10.2 86.69 1.1 
AS 9-1B-3 655.44 565.9 4.8 89.54 0.5 
AS 9-2B-1 649.25 556.16 26.5 93.09 2.9 
AS 9-2B-2 714.94 617.29 11.2 97.65 1.2 
AS 9-2B-3 738.53 636.32 11.7 102.21 1.3 
AS 9-3B-1 663.98 533.56 16.4 130.42 1.8 
AS 9-3B-2 711.28 550.05 11.1 161.23 1.2 
Rayleigh 
 
700470 
 
4630826 
 
AS 9-3B-3 697.08 572.93 18.1 124.15 2.0 
1.476 
 
0.672 
 
0.455 
 
*wet sample used for processing 
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* wet samples used for processing 
Appendix  23.  Salt mass derived from soil samples (8 transects around Alkali 
Lake) 
 
Sample  
no. Easting Northing 
Sample  
wet 
mass  
(g) 
Sample  
dry 
mass  
(g) 
Moisture 
content  
(g) 
Salt  
mass  
(g) 
mass/area
(g/m2) 
1-1 700120 4631704 418.96 417.16 1.8 0.22 24 
1-2 700236 4631541 531.28 529.37 1.9 0.06 7 
1-3 700361 4631381 513.58 511.64 1.9 0.08 9 
1-4 700483 4631221 486.47 484.62 1.9 0.05 5 
1-5 700604 4631054 548.74 546.82 1.9 0.06 6 
1-6 700427 4631309 493.75 491.63 2.1 0.05 6 
1-7 700296 4631464 502.45 500.25 2.2 0.06 7 
1-8 700165 4631616 459.14 452.97 6.2 0.13 14 
2-1 699733 4632629 357.31 344.84 12.5 0.52 57 
2-2 699833 4632628 473.61 453.17 20.4 0.33 36 
2-3 699935 4632628 523.29 519.79 3.5 0.07 8 
2-4 700134 4632618 547.88 525.66 22.2 0.18 20 
2-5 700533 4632572 494.91 491.9 3.0 0.10 11 
3-1 699682 4632850 440.27 422.81 17.5 0.57 63 
3-2 699763 4632912 429.85 419.77 10.1 0.20 22 
3-3 699844 4632970 424.21 392.38 31.8 0.37 40 
3-4 700026 4633067 406.81 382.35 24.5 0.47 51 
3-5 700318 4633347 239.46 210.15 29.3 0.53 58 
4-1 699468 4633048 393.07 172.27 220.8 1.25 137 
4-2 699445 4633149 336.07 320.49 15.6 0.41 44 
4-3 699454 4633251 502.47 499.48 3.0 0.09 10 
4-4 699483 4633448 436.49 434 2.5 0.09 10 
4-5 699502 4633849 569.51 567.31 2.2 0.06 7 
5-1 699065 4632942 *  * * 0.53 58 
5-2 698999 4633017 * * * 0.15 17 
5-3 698927 4633088 * * * 0.31 34 
5-4 698808 4633249 * * * 0.23 25 
5-5 698598 4633617 503.20 500.52 2.7 0.05 6 
6-1 698549 4632775 459.40 133.13 326.3 1.36 148 
6-2 698449 4632764 488.66 468.17 20.5 0.83 91 
6-3 698347 4632765 422.87 144.19 278.7 1.77 194 
6-4 698152 4632799 481.69 474.01 7.7 0.21 23 
6-5 697735 4632782 543.08 531.19 11.9 0.17 18 
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Sample  
no. Easting Northing 
Sample  
wet 
mass  
(g) 
Sample  
dry 
mass  
(g) 
Moisture 
content  
(g) 
Salt  
mass  
(g) 
mass/area
(g/m2) 
7-1 698894 4632281 388.55 326.88 61.7 0.63 68 
7-2 698839 4632193 347.98 323.84 24.1 0.64 69 
7-3 698770 4632117 428.29 420.31 8.0 0.18 20 
7-4 698609 4631996 420.71 376.35 44.4 0.37 40 
7-5 698471 4631856 476.18 458.17 18.0 0.23 25 
8-1 699437 4632128 448.93 392.78 56.2 0.53 58 
8-2 699419 4632028 426.41 376.95 49.5 0.47 51 
8-3 699404 4631929 457.75 452.22 5.5 0.08 9 
8-4 699352 4631732 519.77 513.57 6.2 0.09 10 
8-5 699326 4631381 576.81 575.07 1.7 0.06 7 
